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Abstract
Balakrishna, Cherukuri. Ph.D., Department of Mechanical and Materials Engineer-
ing, Wright State University, 2008. Microstructural Stability and Thermomechanical
Processing of Boron Modified Beta Titanium Alloys.
One of the main objectives during primary processing of titanium alloys is to
reduce the prior beta grain size. Producing an ingot with smaller prior beta grain size
could potentially eliminate some primary processing steps and thus reduce processing
cost. Trace additions of boron have been shown to decrease the as-cast grain size in
alpha + beta titanium alloys. The primary focus of this dissertation is to investigate
the effect of boron on microstructural stability and thermomechanical processing in
beta titanium alloys.
Two metastable beta titanium alloys: Ti-15Mo-2.6Nb-3Al-0.2Si (Beta21S) and
Ti-5Al-5V-5Mo-3Cr (Ti5553) with 0.1 wt% B and without boron additions were used
in this investigation. Significant grain refinement of the as-cast microstructure and
precipitation of TiB whiskers along the grain boundaries was observed with boron
additions. Beta21S and Beta21S-0.1B alloys were annealed above the beta transus
temperature for different times to investigate the effect of boron on grain size stability.
The TiB precipitates were very effective in restricting the beta grain boundary mo-
bility by Zener pinning. A model has been developed to predict the maximum grain
size as a function of TiB size, orientation, and volume fraction. Good agreement was
obtained between model predictions and experimental results.
Beta21S alloys were solution treated and aged for different times at several tem-
peratures below the beta transus to study the kinetics of alpha precipitation. Though
the TiB phase did not provide any additional nucleation sites for alpha precipitation,
the grain refinement obtained by boron additions resulted in accelerated aging.
An investigation of the thermomechanical processing behavior showed different
deformation mechanisms above the beta transus temperature. The non-boron con-
taining alloys showed a non-uniform and fine recrystallized necklace structure at grain
boundaries whereas uniform intragranular recrystallization was observed in boron
containing alloys. Micro-voids were observed at the ends of the TiB needles at high
temperature, slow strain rates as a result of decohesion at the TiB / matrix inter-
faces. At low temperatures and faster strain rates micro voids were also formed due to
fracture of TiB needles. Finite element analysis on void formation in TiB containing
alloys were in agreement with experimental observations
Microhardness and tensile testing of as-cast + forged and aged Beta21S and Ti5553
alloys with and without boron did not show any significant differences in mechanical
properties. The primary benefits of boron modified alloys are in as-cast condition.
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Chapter 1
Introduction
Titanium is the ninth most abundant element and the fourth most abundant metal
found in earth’s crust following aluminum, iron and magnesium [1, 2, 3, 4]. It is esti-
mated that the amount of titanium present in earth’s crust is more than nickel, copper,
lead, tin and zinc all combined together [5]. Some unique properties of titanium are:
low density, high strength to weight ratio and good corrosion resistance [1,6,2]. Tita-
nium has a density of 4.51g/cm3 which is about ∼ 60% of stainless steel and 50% of
copper and nickel. Though aluminum and magnesium have lower densities 2.69g/cm3
and 1.738g/cm3 respectively) [7], their mechanical performance and elevated temper-
ature properties is not as good as titanium. Low thermal conductivity, low electrical
conductivity, good fatigue resistance, non-toxicity and bio-compatibility are other key
features of titanium [2,6]. Properties of titanium can be altered or tailored by alloying
and by deformation processes [6]. Despite vast occurrence and attractive properties,
the usage of titanium is limited to military, commercial aerospace and chemical in-
dustries. This is mainly due to the high costs involved in extracting, melting, primary
and secondary processing [1]. Producing one pound of titanium ingot is ˜30 times
more expensive than one pound of steel [2].
Titanium is extracted from its ore rutile (TiO2) and Ilmenite (FeTiO3) as tita-
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nium sponge by Kroll’s process [8]. This sponge is then compacted along with other
alloying elements and vacuum arc remelted (VAR) to produce ingots. These ingots
are subjected to primary processing to obtain a mill product. Secondary process-
ing steps are carried out to obtain the final desired product. Per recent titanium
economic report [9], the titanium ore costs $0.30/lb, titanium in sponge/metal form
costs $2.00/lb. Vacuum melting the sponge into an ingot adds $2.50/lb to the ma-
terial cost. After primary and secondary processing, the cost of titanium is reported
to be between $15.00 and $50.00 depending on the processing steps and alloying
elements [9].
During the primary and secondary processing steps, the cost is doubled for each
subsequent step. Developing new extraction techniques and reducing or eliminating
some of the steps during primary and secondary processing would reduce the cost of
titanium significantly. Metals Affordability Initiative Consortium (MAIC) was formed
under the direction of U.S Air Force Research Laboratory’s (AFRL) Materials and
Manufacturing Directorate to reduce the cost of producing metallic compounds by
50% [10]. Several programs are underway in producing and processing affordable
titanium [?]. Titanium alloy application in various industries such as: drilling and
offshore production systems [11], bio-medical [12,13], combat vehicles [14], and auto-
mobiles [9] is an effort of recent developments in reducing the processing cost.
In general, cast ingots have varying grain size from the center to the surface
of the ingot. Typically equiaxed grains are formed at the center of the ingot while
coarse columnar grains are formed between the surface and the center of the ingot [15].
Coarse and non uniform grain size are not desired as they tend to form tears and voids
during further deformation [16,17]. Non uniform deformation at higher temperatures
and inferior properties at lower temperatures were reported to be caused by mixed
grain structures [18]. Titanium ingots are subjected to primary/thermo mechanical
processing steps that lead to a finer and uniform grain, with the goal of enhancing
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the ease of secondary processing. Significant cost savings can be obtained if uniform
and fine grained structure is obtained with fewer or no primary processing steps.
Fine and uniform grain structure was obtained in commercial titanium alloys by
trace additions of boron [19,20,21]. Amounts as low as 0.04 wt% boron are sufficient
for grain refinement in as-cast condition [20]. The grain size of boron modified cast
ingots were finer compared to those of the ingots with out boron. It would take
several primary ingot breaking steps to get to the fine and uniform grain structure
that was obtained in the as-cast boron modified alloys. The research work presented
in this dissertation focuses on processing, microstructure-property relationships of
boron modified beta titanium alloys.
Tamirisakandala et. al [19] studied the effect of boron additions in beta titanium
alloys. Significant grain refinement was obtained for 0.1wt% boron additions. An
increase (∼ 5%) in strength and stiffness were observed while maintaining good duc-
tility. Boron added to titanium alloys form single crystal TiB whiskers along the
grain boundaries. The fine grain size, the Ti/TiB interface could provide additional
nucleating sites for α- precipitation during heat-treatment of the beta alloys. On the
other hand, the mismatch between the elastic modulus of TiB (∼ 371GPa [22]) and
beta-titanium matrix (∼ 100GPa) might cause failure of TiB reinforcements, creating
voids in the matrix. These voids could be potential crack nucleating sites, causing
detrimental effects to fatigue and other mechanical properties. The effect of TiB re-
inforcements on heat-treatment and cold/warm processing are being investigated in
this research.
Two metastable beta-titanium alloys, Beta21S (Ti-15Mo-2.6Nb-3Al-0.2S) and Ti5553
(Ti-5Al-5V -5Mo-3Cr) with 0.1wt% B were used in this research to investigate the
grain size stability, heat-treatment and deformation behavior. Alloys without boron
were also studied under the same experimental conditions for comparison. Initial ex-
periments were carried out on as-cast ingots to investigate grain growth above the beta
3
transition temperature. Samples in solution treated condition were aged at 480oC,
540oC, 600oC and 660oC for different holding times to study the effect of boron on
aging kinetics. Hot compression tests were carried out at different temperatures to
investigate the effect of boron on thermomechanical processability. Large samples (70
mm diameter X 100 mm height) of Beta-21S and Ti-5553 samples were β and α + β
forged respectively followed by air cooling. Tensile testing was carried out to evaluate
the tensile properties of the heat-treated samples. Microstructural analysis was also
carried out to establish microstructure-property relationships.
The motivation and research objectives of this dissertation are outlined in chapter-
2. Detailed literature search on titanium phases, alloys, hot / cold forming and boron-
modified titanium alloys is documented in Chapter-3. Background relevant to each
of the chapters is included in the corresponding chapter. Experimental materials
used for investigation are listed in Chapter-4 Chemical composition, physical and me-
chanical properties are also included. Chapter:-5 deals with the grain size stability
of beta titanium alloys with and without boron above the beta transition tempera-
ture. Heat-treatment / aging of Beta21S alloys after solution treatment is reported
in Chapter-6. Results and discussion on Thermomechanical processing of the both
Beta21S and Ti5553 alloys used in the study is reported in Chapter-7. Analysis of
flow curves, microstructural property relationships, processing maps and fracture of
TiB particles are discussed in detail. In addition to these, finite element analysis
of void formation in boron containing alloys is also presented. Micro hardness and
tensile test results of both Beta21S and Ti5553 allos are summarized in Chapter-8.
The research contributions are listed in Chapter-9. Future scope on extending the
present research is listed in Chapter-10.
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Chapter 2
Motivation and Research
Objectives
The addition of trace amounts of boron to several alpha, alpha+beta and beta ti-
tanium alloys has been shown to result in significant grain refinement in the as-cast
condition. Several primary processing steps or ingot breakdown steps are usually
needed to get to the same grain size in the conventional alloys that do not have
boron. The decreased grain size could lead to increased affordability compared to
non-boron containing alloys. In addition to grain refinement, boron additions have
been shown increase formability stiffness, strength and other mechanical properties
in the alpha-beta alloy Ti-6Al-4V. The motivation for this study was to evaluate if
these improvements in the mechanical properties with trace additions of boron also
extend to beta titanium alloys.
Beta alloys are typically annealed above beta transus, hot/warm processed in the
β -phase and subsequently aged to increase the strength levels. Grain refinement in
beta alloys has been previously reported in the literature [19]. However the effect
of boron on heat-treatment, hot workability in boron modified beta-titanium alloys
have not been investigated. The main scope of this dissertation is to understand the
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effect of the grain boundary TiB whiskers on the grain size stability, heat-treatment
and hot workability of two beta titanium alloys Beta21S and Ti5553. Some of the
questions that would help understand the effect of TiB in beta titanium alloys are
listed as follows:
1. Is the grain refinement obtained in as-cast condition stable at elevated temper-
atures (above beta transus)?
2. Does TiB at the grain boundaries provide additional nucleation sites during
aging treatments?
3. How does boron affect the thermo-mechanical processability of beta titanium
alloys?
4. Does the ductile beta phase fill voids caused by fractured TiB whiskers during
hot working?
To address the above mentioned issues, a systematic approach was followed to inves-
tigate the effect of TiB whiskers. The objectives of this research are:
1. Microstructural characterization of as-cast boron modified alloys: Investigate
the effect of boron on as-cast microstructure in terms of grain size, grain bound-
ary alpha, distribution of alpha precipitates in the beta matrix and the volume
fraction of TiB.
2. Grain growth studies above the beta transition temperature: Beta titanium alloys
are usually processed either at room temperature in the beta solution annealed
condition (rapid cooling from temperatures above beta transition temperature)
or hot processed above the beta transus temperature. Understanding the grain
stability (grain growth) at those temperatures would provide insights on the
material flow behavior.
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3. Heat treatment response of boron modified alloys: Hot working or cold working
prior to heat treatment is usually carried out to accelerate aging of α precip-
itates. Dislocations generated during the hot/cold working operations could
provide additional nucleation sites for alpha precipitation. As the boron mod-
ified alloys have finer grain size compared to unmodified alloys, TiB particles
and/or the grain boundaries might provide additional nucleation sites and ac-
celerate the aging response with out any cold/warm working.
4. Hot working of Boron modified Beta Titanium alloys: Forging of Beta21S and
Ti5553 are limited to working temperatures in the alpha+beta regions due to
excessive grain growth above beta transition temperature. Boron modified alloys
might offer grain stability above the beta transition temperature (Tβ ) and the
β - forging can be carried out. The feasibility of reducing primary working steps
is also evaluated.
Approach:
Two metastable beta titanium alloys in as-cast condition with and without boron
additions were selected. The as-cast alloys were characterized for microstructural
features. Initial observations were made to see variations in grain structure along
longitudinal and transverse directions. The metastable beta titanium alloys were
subjected to solution treated annealing (heating to temperatures above beta tran-
sition temperature followed by air cooling or water quenching), the grain growth
above beta transition temperature was studied. Following solution treatment, sam-
ples of alloys with and without boron are subjected to aging at different temperatures
below the beta transus to investigate the effect of boron on aging kinetics. Micro-
hardness measurements were carried out on the heat treated samples. Forging to
50% reduction in height was carried out on cylindrical blocks (machined from as-cast
ingots). Tensile testing of samples in three different heat treatment conditions (based
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on micro-hardness results) was carried out to evaluate the mechanical properties. Hot
compression tests followed by detailed microstructural characterization was conducted
to study the hot workability of the boron and non-boron containing alloys.
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Chapter 3
Background
The background of titanium alloys and microstructure-property relationships from
existing literature is discussed in this chapter. Various classes of titanium alloys are
discussed briefly and beta alloys are discussed in detail as the experimental materials
used in this dissertation fall into the same category. Different melting and processing
techniques for beta alloys are also discussed. Literature on boron additions to titanium
alloys is elaborated in detail.
Titanium exhibits two allotropic forms. Below 882± 2oC, pure titanium has a
hexagonal close-packed (HCP) crystal structure also referred as the α phase. Above
882± 2oC, the equilibrium structure is a body-centered cubic (BCC) crystal struc-
ture also referred to as the β phase [23,4] is in equilibrium. This temperature is often
referred to as the alpha/beta or the beta transus temperature (Tβ ). The crystal struc-
tures of HCP (α-titanium) and BCC (β -titanium) unit cells are shown in Figure:3.1.
The beta transus temperature can be altered by adding alloying elements and metallic
impurities to titanium [6]. Interstitial elements such as oxygen, nitrogen, carbon and
hydrogen also have an effect on the Tβ . Elements such as Vanadium, Molybdenum
and Tungsten stabilize the beta phase and lower the beta transus temperature Tβ .
Alloying elements such as aluminum and tin stabilize the alpha phase and thus raise
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the beta transus temperature Tβ .
3.1 Titanium alloys
Titanium alloys are classified into four different categories: alpha, near-alpha, alpha-
beta and beta alloys. The classification is based on the type and amount of alloying
elements added.
(a) HCP (b) BCC
Figure 3.1: Crystal structures of (a) HCP (α-titanium) and (b) BCC (β -titanium) [8].
3.1.1 Pure/Unalloyed titanium
Unalloyed titanium (commercial purity-CP) is classified into different grades based on
the amounts of Oxygen and Iron present as impurities [3,6,4]. Compositions of various
grades are listed in Table 3.1. With increasing amounts of Oxygen and Iron, the ul-
timate tensile strength and yield strength increases while the ductility decreases [24].
The elastic modulus of unalloyed titanium have lower elastic modulus (∼ 100GPa), is
close to that of bone [6, 24, 25]. The ultimate tensile strength of unalloyed titanium
grades vary from 200 to 680MPa [24]. The fracture toughness of unalloyed tita-
nium varies between 58∼ 66MPa.
√
m(Grade-2) and 99∼ 135MPa.
√
m(Grade-4) [25].
Titanium in its unalloyed stage exhibits good corrosion resistance. However pure ti-
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tanium exhibits low strength levels compared to other titanium alloys [6]. However,
it is used in corrosive environments where strength levels are not critical. Excellent
bio-compatibility [24] and good corrosion resistance to organic acids [26] makes pure
titanium a potential candidate for biomedical applications. Pure titanium offers ex-
cellent corrosion resistance to salt solutions, nitric acid and chlorine gas [6] and is
also used for heat exchangers in power-plants and for reaction containers in chemical
plants [27]. Hydrogen embrittlement at room temperature is one of the drawbacks in
using titanium under reducing atmospheres [6].
Table 3.1: Chemical composition of Pure titanium grades [24].
Element Grade-1 ELI Grade-1 Grade-2 Grade-3 Grades 4A/4B
Oxygen 0.10 0.18 0.25 0.35 0.40
Iron 0.1 0.2 0.3 0.3 0.5
Nitrogen 0.012 0.03 0.03 0.05 0.05
Carbon 0.03 0.10 0.10 0.10 0.10
Hydrogen 0.125 0.125 0.125 0.125 0.125
Titanium Balance Balance Balance Balance Balance
3.1.2 Alpha and Near-alpha alloys
Titanium alloys containing alloying elements such as aluminum, gallium, zirconium,
and tin (non transition metals in general) that stabilize the alpha (HCP) phase are
classified as alpha and near-alpha alloys [3, 4]. Some alloys of these type are: Ti-
5Al-2.5Sn and Ti-2.5Cu. These alloying elements tend to increase the beta transus
temperature(Tβ ). Alpha alloys containing small amounts (up to 2% [28]) of beta
stabilizing elements are classified as near-alpha/super-alpha alloys [6]. Some alloys
of these type are: Ti-2.25Al-11Sn-5Zr-1Mo-0.2Si (IMI 679) and Ti-6Al-2.75Sn-4Zr-
0.4Mo-0.45Si (Ti-1100). The crystal structure of alpha/near-alpha alloys is alpha
(HCP) at room temperature. The alpha alloys are further divided in to groups based
on the degree of α-stabilization [29, 3]. Alloys in which the “α → β + compound “
decomposition is by peritectoid reaction fall under “limited alpha stability” group.
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Compounds of such type are: Ti-B, Ti-C and Ti-Al. Elements that can coexist with
the liquid fall under “complete alpha stability”. Compounds of such type are: Ti-O
and Ti-N [29]. The total amount of alloying elements present in alpha/near-alpha
alloys is represented using aluminum equivalent (Aleq). The Aleq is defined as [28]:
Aleq = Al + 13Sn +
1
6Zr + 10(O +C + 2N)wt%
Alpha alloys exhibit excellent creep resistance at high temperatures compared to
alpha+beta or beta alloys [4]. These alloys are also preferred for cryogenic applica-
tions [4, 30]. Though these alloys show good strength levels at lower temperatures,
the ductility is very poor [30]. Alloys with extra-low interstitial (ELI) levels are con-
sidered to retain ductility and toughness at cryogenic temperatures [4]. To avoid
embrittlement, the critical level of Aleq should not exceed ∼ 9 [28]. The structure of
alpha alloys is insensitive to heat treatments. Near-alpha/super-alpha alloys exhibit
limited heat treatability and form alpha-prime or alpha/alpha-prime microstructure
during heat treatment [28]. Thermo-mechanical treatments involving small reduction
steps and frequent recrystallization steps are employed to alter the microstructural
features [4, 28].
3.1.3 Alpha-beta alloys
Alpha-beta titanium alloys have one or more alpha stabilizing elements along with one
or more beta stabilizing elements. The microstructure of these alloys has a mixture
of alpha (HCP) and beta (BCC) phases. In general, alpha-beta alloys are solution
treated at high temperatures in alpha-beta region and water quenched to retain beta
at room temperature. Subsequent aging is then carried out to precipitate the alpha
phase [6]. These alloys retain more beta than the near-alpha alloys. The strength
can be increased by 30-50% as compared to the annealed or over-aged conditions [6].
Most of the alloys in this class contain 4 to 6% beta stabilizing elements and can
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retain 10-50% beta phase at room temperature [3, 6].
The mechanical properties of alpha-beta alloys are sensitive to microstructural
changes which are directly related to thermo-mechanical processing routes [31]. Alpha
colony size in alpha-beta alloys is considered to be one of the main microstructural
feature determining the mechanical properties. The yield strength, ductility and high
cycle fatigue properties are improved with decreasing colony size. Large colony size
showed to be beneficial in improving fracture toughness and macro crack propagation
resistance [31]. Alpha-beta alloys are subjected to thermo-mechanical processing steps
to obtain fully lamellar or bi-modal structures, depending on the final properties
desired [31]. Ti-6Al-4V is the most widely used titanium alloy. Other important
alpha-beta alloys include: Ti-6Al-6V-2Sn, Ti-7Al-4Mo and Ti-6Al-2Sn-4Zr-6Mo.
3.1.4 Beta-alloys
Beta titanium alloys have large amounts of one or more beta stabilizing elements and
very small amounts of alpha stabilizers [6]. Some of the beta stabilizing elements are:
molybdenum, vanadium, niobium and tantalum [3]. The amount of beta phase present
in the alloy can be controlled/determined by the amount of beta stabilizers present in
the alloy. With sufficient amount of beta stabilizing elements, 100% beta phase (BCC
structure) can be retained at room temperatures when the alloy is quenched (fast
cooling rate) from temperatures above the beta transus temperatureTβ [32, 33]. In
other words, beta alloys have enough beta stabilizers that can avoid passing through
Martensite start line (Ms) shown in Figure:3.2. The beta stability is generally ex-
pressed using “moly Equivalent” (MoEq) [33].
MoEq = 1.0Mo + 0.67V + 0.44W + 0.28Nb + 0.22Ta + 2.9Fe + 1.6Cr−1.0Al wt%
Beta titanium alloys with beta stabilizing concentrations between βc and βs (Fig-
ure:3.2) are defined as metastable and concentrations above βsare defined as stable
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beta alloys [33]. The microstructure (either α,β , or α + β ) of these alloys can be
varied significantly by different heat-treatments. Beta titanium alloys are further
classified into lean β −Ti alloys and rich β −Ti alloys [32]. Alloys in which isothermal
ω-phase is formed during aging are classified as lean β −Ti alloys. Deformation in
these alloys is by twinning or by martensitic shearing in solution annealed condition.
Alloys that are too stable for isothermal decomposition to β + ω mixtures are clas-
sified as rich β −Ti alloys [32]. In alloys with large amounts of beta stabilizers, the
formation of isothermal ω is suppressed and the meta stable beta decomposes into
solute lean phase (β ′) and solute-rich beta matrix (β ) by phase separation [32].
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Figure 3.2: Beta stabilized titanium system [32,33].
The alloying elements that stabilize the beta phase are classified as isomorphous
and eutectoid stabilizers. Isomorphous beta titanium alloys have high βc values and
at equilibrium, the beta phase does not decompose to α+ compound [33]. A binary
phase diagram of a typical isomorphous alloy is shown in Figure:3.3 [3]. Examples of
such alloy systems are Ti-V, Ti-Mo and Ti-Nb. Isomorphous stabilizers segregate less
as they have narrower freezing ranges [33]. As most of the isomorphous stabilizers have
high melting points and densities, they must be added as aluminum master alloys.
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Eutectoid beta stabilizers have lower βc values and tend to suppress the beta transus
temperature. A binary phase diagram of a typical eutectoid beta alloy is shown in
Figure:3.3 [3]. Examples of such alloy systems are Ti-Fe, Ti-Cr, Ti-Mn and Ti-W.
Eutectoid beta stabilizers tend to segregate strongly as they have a wide freezing
range. Beta flecks (“regions with lower beta transus temperature than the bulk”
[33]) are formed as a result of segregation and results in poor mechanical properties
during processing. These eutectoid stabilizers tend to form secondary compounds [33].
Eutectoid stabilizers are relatively inexpensive compared to isomorphous stabilizers.
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Figure 3.3: Typical binary phase diagrams for [3](a) Isomorphous β -stabilizers and
(b) Eutectoid β -stabilizers.
Beta titanium alloys are considered as an attractive class of titanium alloys due
to: low modulus, good castability, deep-hardenability, low processing costs and good
corrosion resistance for some compositions [33]. The general processing routes of beta
titanium alloys involves [32,7,3,4]: (a) primary working operations such as hot rolling
and forging to obtain a mill product. (b) solutionizing and quenching to retain the
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β -phase at room temperature. (c) cold/hot forming to the desired product and (d)
subsequent aging to increase the strength. Low processing costs were possible by
processing these alloys in the retained β -beta phase at room temperature. The β -
phase (BCC crystal structure) has 12 active slip systems as compared to 6 in the α-
phase (HCP crystal structure) which enables high ductility’s and low stresses during
processing [34]. Significant strengthening can be obtained by precipitation of the α-
phase in the β -matrix. However, the strength levels are limited by degradation of
ductility and toughness [35]. Some of the important beta titanium alloys are: Ti-
13V-11Cr-3Al (Ti-13-11-3), Ti-10V-2Fe-3Al (Ti-10-2-3), Ti-15V-3Cr-3Al-3Sn (Ti-15-
3), Ti-3Al-8V-6Cr-4Mo-4Zr (Beta C), Ti-6.5Mo-4.5Fe-1.5Al (Timetal-LCB), Ti-5Al-
5Mo-5V-1Fe-1Cr (also referred as VT-22) and Ti-15Mo-2.7Nb-3Al-0.2Si (Timetal-
21S).
Advancements in development of new compositions and processing of Beta tita-
nium alloys have led to various applications in military [36], aerospace [37, 38], au-
tomotive, chemical [39] and biomedical industries [40]. The first application of beta
alloys in aerospace industry in the mid 1960’s on the Lockheed SR-71 Blackbird [38].
Springs made out of Ti-13V-11Cr-3Al were first used on commercial aircraft’s (by
McDonnell Douglas) during the 1970’s. Landing gear structures made from Ti-10V-
2Fe-3Al were used on Boeing 777 during the early 1990’s. More aerospace applications
on beta titanium alloys are discussed by Boyer et. al [37]. Military applications of
beta titanium alloys include: structural components, torsional rods, armor, body
armor, mortar barrels and missile launch canisters [36]. Titanium sheets made of
Timetal 15-3 were reported to provide protection against thrusts from sharp instru-
ments. Timetal 21S that offers good corrosion resistance and moderate strength levels
at high temperatures is used for gun barrel and missile launcher applications [36,41].
Ti-6Al-2Sn-4Zr-6Mo and Ti-17 (Ti-5Al-2Sn-2Zr-4Mo-4Cr) that offers high strengths,
good creep and fatigue properties are used for disk and fan blade components in
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gas turbine engines [42]. Beta titanium alloys are used extensively for biomedical
applications due to their enhanced bio-compatibility, good corrosion resistance and
low Young’s modulus [40]. Some of the beta titanium alloys used for orthopedic
applications are: Ti-15Mo-0.2O, Ti-12Mo-6Zr-2Fe (TMZF), Ti-29Nb-13Ta-4.6Zr and
Ti-33Nb-7Zr-5Ta [40]. Various applications of beta titanium alloys are summarized
by Weiss et. al [43].
3.2 Microstructure - Property relationships
The microstructural features in titanium alloys can be altered/changed by thermo
mechanical processing (TMP) and heat-treatments. These changes in microstructure
would directly effect the mechanical properties. Generally α-alloys don’t respond well
to heat-treatments alone and are thus thermomechanically processed to vary the mi-
crostructure [3]. A combination of thermomechanical processes and heat-treatments
are needed to alter microstructures in α +β alloys [6]. Microstructures in beta alloys
can be altered significantly just by heat-treatment. A combination of TMP and heat
treatments are generally used [43]. The microstructure-property relationships in ti-
tanium alloys will be discussed in this section with primary focus on beta titanium
alloys. Micro-structural features that effect the properties in titanium alloys are:
prior beta grain size, α-morphology (acicular, globular or mixed), grain boundary-α ,
secondary α , α-structures, α
′
(Hexagonal martensite), α
′′
(orthorhombic martensite),
α-colony size and volume fraction of α [44]. Solution treatment and subsequent ag-
ing of beta titanium alloys results in significant increase in strength at the expense
of ductility. Low ductility in beta titanium alloys is due to the formation of grain
boundary-α during aging [32]. Grain boundary-α promotes intergranular fracture
and thus results in lowering the tensile ductility of rich β -alloys. To avoid intergran-
ular fractures, α + β processing is usually carried out [32]. Table 3.2 summarizes the
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microstructural features - mechanical properties relationships in titanium alloys [44].
Lutjering [31] summarized the relationships between processing, microstructure and
mechanical properties for α + β alloys.
+-processed structures
(no GB-)
Yield Strength
T
o
u
g
h
n
e
s
s
-processed structures
(GB-)
(a) Toughness
+-processed structures
(no GB-)
Yield Strength
T
e
n
s
ile
 D
u
c
ti
lit
y
-processed structures
(GB-)
(b) Tensile Ductility
Figure 3.4: Trends for β and α +β processed alloys with and without grain boundary-
α [32](a) strength-toughness and (b) strength-tensile ductility.
Ankem and Greene [45] reviewed relationships between stability, microstructure,
deformation modes and mechanical properties in β -titanium alloys. Significant work
hardening caused by stress induced omega phase formation during twinning was re-
ported in Ti-20V alloy [45]. Silicide formation in metastable β -titanium alloys was
reported to cause transgranular failure. Strength and fracture toughness of metastable
β -titanium alloys were improved by duplex aging [45]. Adenstedt [46] observed room
temperature creep in commercial pure titanium. It was reported than creep at room
temperatures occurs at very low stress values (60% of yield stress) and cold work-
ing increases creep resistance. Ankem et al. [47] showed that creep in α-titanium is
significantly effected by grain size. Slip, instantaneous twinning and time dependent
twinning were reported to be the creep deformation mechanisms in coarse grained α-
titanium, while reduced twinning activity was observed in fine grained materials [47].
Greene et al. [48] reported no significant creep in a β -titanium alloy: Ti-13Mn. De-
creased creep resistance was observed in Ti-14.8V and Ti-9.4Mn alloys and is at-
tributed to the presence of ω-phase [49]. Alloying elements, heat treatment, size,
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shape and distribution of phases were reported to be the main factors effecting creep
strain in α + β alloys [50].
3.3 Boron additions to titanium alloys
The history of Ti-B alloys was dated back to 1950’s in an effort to increase the stiff-
ness of titanium alloys. Studies by Armour Research Foundation (Illinois Institute
of Technology) in mid 1950s and Royal Aircraft Establishment in late 1950s showed
boron as an effective reinforcement [?]. Preparation of Ti-B alloys by powder met-
allurgy techniques was patented by Dynamet Technology Inc in 1990 [51] . Exhaust
and intake engine valves and other engine components were successfully manufac-
tured [52] by Toyota motor corporation [53]in 1995. Pre alloyed powder approach
was first implemented by Crucible Research Corporation during late 1990’s [?]. The
development of Ti-B alloys for aerospace applications has been active at Air Force
Research Laboratory-Materials Directorate in collaboration with Crucible and FMW
corporations [?].
Titanium metal-matrix composites (TiMMC’s) were developed in the past few
decades to enhance the mechanical properties of titanium alloys. Initially the pri-
mary focus was on continuous-fiber reinforced composites [54]. Improved mechani-
cal properties were obtained, but these composites were not economically attractive
to expensive costs involved in producing high volumes. Metal-matrix composites
with discontinuous (whiskers, platelets and particulates) reinforcements were shown
to be cost effective and improve the mechanical properties [54]. Improvements in
wear resistance, specific modulus, specific strength, control of physical properties and
structural efficiency were observed in discontinuous fiber reinforced meta-matrix com-
posites [55, 56]. Reinforcements such as: TiB, TiC, TiB2, SiC, Al2O3, Si3N4, and B4C
are used in TiMMC’S [57, 58]. All these reinforcements except for TiB form reaction
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products at the reinforcement / titanium metal matrix interface and thus degrade
mechanical properties. Detailed description of the Ti-B system is given in Section
3.3.1. Boron additions to other alloy systems to improve the mechanical properties
were reported in several publications. Addition of boron to nickel based super alloys
has shown to improve interfacial cohesion and resistance to hydrogen induced inter-
granular fracture [59]. Boron along with titanium is often added to aluminum alloys
to refine the as-cast grain size [60]. Boron additions to Iron alloys have shown to
reduce porosity in sintered components and increase the mechanical properties [61].
3.3.1 Ti-B system
The Ti-B system is attractive due to the advantages offered by the TiB reinforcements
[62,63]:
• Volume fractions up to 80% or even close to 100% can be achieved.
• Density of TiB (4.46gm/cm3) is very close to that of titanium (4.51gm/cm3).
• The coefficient of thermal expansion of TiB (6.2x10−6/oC) is close to that of
titanium (8.2x10−6/oC).
• TiB is elastically anisotropic [22].
• TiB has a high elastic modulus of: 371 GPa .
• TiB has high vickers hardness: 1800Hv at 1 kg load.
• crystallographic relation between TiB and Ti makes the interface clean.
• TiB can be formed as an intermediate phase during solidification processes at
eutectic compositions.
• TiB forms as long single crystal whiskers and has a narrow stoichiometry
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The binary phase diagram of Titanium - Boron system is shown in Figure:3.5. Three
intermetallic compounds: TiB, TiB2 and Ti3B4 along with terminal phases are shown
in the phase diagram. The boron compositions (wt%) for each of these compositions
are: TiB - 18 to 18.5%, TiB2 - 22.4% and Ti3B4 between 30.1 and 31.1% [63]. The
invariant phase reactions in the TiB system are summarized by Ma et al as shown
in Table 3.3. The type of reaction and the temperature at which each of these re-
actions occur are also tabulated. The atomic radius ratio of B/Ti is 0.66, which
makes it highly unfavorable to form substitutional or interstitial solid solution [64].
Boron is classified as a α-stabilizer but the solubility of Boron in titanium is very
limited and thus does not embrittle the titanium matrix. However, increase in beta
transus temperature by ∼ 60oC was reported in Ti-6Al-4V-1.7 wt% B alloy prepared
by powder metallurgy technique [65]. The increase in the Beta transus temperature
was attributed to the supersaturation of boron in the solid solution caused by rapid
solidification. Palty et al [66] reported experimental results on the solubility levels
at different temperatures. The solubility of boron in the alpha phase close to the
peritectoid reaction is less than 0.05%. The solubility of boron in the beta phase is
close to 0.05% at 1400oC and slightly above 0.1% at 1660oC. Eutectic compositions
were experimentally observed between 2.4 and 4.4 % [66]. The relevant reactions in
a titanium - boron system are:
Ti + B → TiB
Ti + 2B → TiB2
Ti + TiB2 → 2TiB
The free energy of formation of TiB and TiB2is shown in Figure:3.6 (∆G vs Tem-
perature). ∆G for the formation of TiB2 is shown to be the most negative of these
reactions. TiB2is unstable and further forms TiB as the reaction: Ti + TiB2→ 2TiB
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Figure 3.5: Binary phase diagram of: Titanium - Boron [67].
has a small negative ∆G. Taking this as an advantage, TiB2 can be used as a source
of boron to form TiB [58].
The crystal structures, lattice parameters, space groups and Struktur-Bericht des-
ignation are tabulated in Table 3.4 [68, 69]. TiB and TiB2 are the main intermetallic
compounds in the Ti-B system and they exhibit high hardness, high electrical con-
ductivity, good thermal shock resistance, high melting point, chemical inertness and
durability. The crystal structures of TiB and TiB2 are shown in Figure:3.4. Both
of these crystal structures are based on the same building block which is a trigonal
prismatic array of six Ti atoms with a boron atom at the center. TiB exhibits B27
structure which consists of trigonal prisms (building blocks) that are closely packed
in only one direction, forming columns on a rectangular base and are connected only
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Figure 3.6: Free energy of formation of TiB and TiB2 [58, 63].
at their edges. The central chain of boron atoms are aligned in the [010] direction.
The arrangement of Ti and boron atoms in B27 structure is shown in Figure:3.4.
The trigonal prisms are distorted as the rectangular prism faces parallel to [010] are
elongated in that direction and this distortion can be seen as the B atom in each of
the prisms are displaced towards the elongated face [64]. TiB2 exhibits a C32 type
structure as shown in Figure:3.7. The trigonal prisms are arranged in a close-packed
array with their faces being shared by the adjacent prisms. The boron atoms form a
graphite-like plane as seen in Figure:3.7 [64].
Compositions in the titanium-boron system were classified as alloys or compos-
ites, based on the volume fraction of TiB, microstructure, processing and properties.
Hyper-eutectic compositions produce microstructure and properties similar to those of
discontinuously reinforced MMC’s are classified as composites. Hypo-eutectic compo-
sitions with TiB volume fractions are less than ∼ 8% are classified as boron-modified
alloys. The classification is shown in Figure:3.8. The two alloys used in the present
research have 0.1wt% boron, which fall into the alloy category in Figure:3.8.
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3.3.2 Synthesis of Ti-TiB alloys
The formation of TiB during the solidification processes for the eutectic compositions
facilitates the use of conventional techniques in synthesizing Ti-TiB alloys. Ti-TiB
alloys are prepared by a variety of techniques [63] such as powder metallurgy, rapid so-
lidification, combustion synthesis and conventional melting. Each of these techniques
are used depending on the microstructural properties needed and the properties of
alloys made by these techniques vary in terms of size of TiB, volume fraction of α , β ,
TiB, grain size, etc. Titanium melting has to be carried out in a controlled atmosphere
(generally vacuum) to avoid oxygen contamination.
Conventional Melting techniques:
Ingot metallurgy is often used to produce large quantities of cast material by using
different melting techniques.
Vacuum Arc Remelting (VAR) is the most common technique used to produce
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Figure 3.8: Alloy - Composite classification [?].
ingots on a large scale. A cylindrical electrode containing the right amount of alloying
elements (titanium sponge and alloying elements compacted and welded together) is
inserted in a water cooled crucible that is held in vacuum. An arc is generated between
the electrode and the crucible. The electrode melts as it is consumed by the arc. This
processes is repeated (2 or 3 times) in order to obtain homogeneity through out the
ingot. One of the main drawbacks of this processes is that the ingot shape is limited
to cylindrical shape [6, 8].
Induction Skull Melting (ISM) (also known as cold crucible melting) was devel-
oped by Flowserve Corporation, Dayton, OH to melt high temperature alloys [70].
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Melting of high temperature materials should be carried out in refractory crucible to
withstand high melting temperature. Melting by the ISM processes does not need any
refractory crucible. The molten charge is melted by Joule heating generated by a high
frequency AC coil (induced current) [71]. A water-cooled copper crucible that per-
mits penetration of an induction field is used [72]. Series of cooling segments present
around the crucible creates a chill surface to prevents metal leakage. This prevents di-
rect contact between the molten metal and the crucible walls. The induction current
generated during melting stirs the molten metal, thus providing homogeneity [72].
The size of the ingots than can be produced by ISM technique is limited by the power
supply needed.
Plasma Arc Melting (PAM) (also known as cold hearth melting) falls under plasma
melting techniques in which a concentrated energy with a high arc temperature is used
to melt high temperature materials [8]. Scrap metal and other alloying elements can
be easily added in to the melt. The molten metal can be cast in to any required
shape and can be continuously cast to produce long ingots. Other melting techniques
include Electron Beam Melting and Vacuum Induction melting.
Powder Metallurgy techniques:
Powders of titanium alloys containing TiB reinforcements can be produced by various
powder metallurgy techniques. Components made from powders have proved to be
cost effective compared to the conventional ingot metallurgy [73]. Toyota Motor
corporation was able to produce TiB reinforced titanium exhaust valves by using a
powder metallurgy forging process [73]. Dynamet Technology Inc was successful in
producing Ti-TiB components with an economical process called CHIP (Cold and
Hot isostatic pressing) [74].
The Ti-TiB powders can be processed either by blended elemental method or
by pre-alloyed powder processing. Blended elemental approach involves in adding
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boron to the master alloy as elemental boron or in the form of TiB2. The master
alloy powder along with the boron source is blended until uniform distribution of the
powders is achieved. Out gassing, consolidation and sintering are carried out to obtain
the Ti-TiB component or a preform for subsequent processing [75]. In the pre-alloyed
method, the boron source is melted along with the titanium master alloy to ensure
complete solubility in the liquid titanium alloy. The melt is converted to a powder
containing TiB reinforcements by conventional powder metallurgy techniques. The
pre-alloyed powder is subjected to subsequent processing steps such as: outgasing,
consolidation, sintering, etc [75]. Material developed by either of these techniques
are compared by Tamirisakandala et. al [75] to study the effect of the processing
route used. The material produced by the pre-alloyed method showed low ductility
compared to that of the material produced by the blended elemental method. An
increase in the beta transus temperature by ∼ 60oC was observed in Ti-6Al-4V-1.7B
prepared by powder metallurgy method [65].
Benerjee et.al [76] have successfully deposited Ti -6Al-4V-TiB composites by Laser
Engineered Net-Shaping (LENS) processes. A blend of pre-alloyed Ti-6Al-4V and
elemental boron were used. A homogeneous distribution of TiB reinforcements in the
matrix was reported. Fan et. al [77] used rapid solidification techniques to obtain a
supersaturated solutions containing ∼ 10at% boron. TiB is then precipitated out by
heat treatment and dispersion strengthening by homogeneous distribution of TiB in
the titanium matrix was reported.
3.3.3 Grain refinement mechanism
Grain refinement in titanium alloys by boron additions was reported by Tamirisakan-
dala et. al [20], Zhu et. al [78], Liu et. al [79] and Cheng [80]. Grain refinement
obtained in Ti-6Al-4V and Ti-6Al-2Sn-4Zr-2Mo-0.1Si with boron additions was on
an order of magnitude compared to that of the boron free alloys [20]. As seen in
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Figure:3.9, a critical boron concentration level is needed to obtain the grain refine-
ment. Grain refinement by boron additions in aluminum alloys is well established
and is believed to be caused by inoculation in the melt that acts as nucleating sites
for grains [60]. Different mechanisms of grain refinement in boron modified TiAl were
proposed and were summarized in [80]. One of the mechanisms reported was inoc-
ulation similar to the mechanism observed in Aluminum alloys. Other mechanisms
include the formation of TiB precipitates during solidification and act as nucleating
sites. An alternative hypothesis was proposed by Cheng [80] to explain grain refine-
ment in TiAl alloys. Tamirisakandala et. al [20] proposed a mechanism similar to that
proposed in TiAl alloys. The two mechanisms are explained in detail in the following
sections.
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Figure 3.9: Grain size vs. boron concentrations in wt% [20].
A systematic study using four different TiAl alloys with varying boron concen-
trations were used by Cheng [80] to understand the grain refinement mechanisms in
TiAl alloys. “The mechanism is based on re-nucleation in the constitutionally super-
cooled region ahead of the solidification front” [80]. Possible processes during dendrite
formation in boron containing TiAl alloys is shown in Figure:3.10.
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If the boron level is very lower than the critical level (route I in Figure:3.10), a
sufficient amount of borides needed for grain refinement will not be formed until the
liquid in the interdendritic spaces is saturated with boron. If the borides nucleate
readily from the melt (route II in Figure:3.10), they would consume boron from the
liquid, thus reduce the constitutional supercooling. If the boride levels are low enough
to prevent the formation of alloy nuclei, the dendritic formation would be similar to
that of route I. If the boron levels are above the critical levels (route III in Figure:3.10)
and the if the nucleation of alloy takes place readily before the formation of the
borides, then grained refinement by borides can be obtained. Cheng [80] further
suggested that “the grain refinement process is essentially a dynamic equilibrium
between solute ejection at the solidification front, the formation of borides and alloy
nucleation ahead of the front”.
Figure 3.10: Grain refinement mechanism in boron containing TiAl alloys [80].
Tamirisakandala et. al [20] studied the effect of boron on grain refinement in
Ti-6Al-4V and Ti-6Al-2Sn-4Zr-2Mo-0.1Si with different boron concentrations. The
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boron concentrations considered in their study fall in the hypo-eutectic compositions
3.5. A grain refinement mechanism was proposed based on experimental observations.
Constitutional supercooling was considered to be more important than thermal un-
dercooling, as equiaxed grains were observed throughout the billet cross section. A
schematic illustration explaining the grain refinement mechanisms is shown in Fig-
ure:3.11.
Above the liquidus temperature (Tliquidus), boron is dissolved in the liquid. Upon
cooling from the liquidus temperature, beta grains nucleate and grow between the
eutectic (Teutectic) and liquidus temperature. As the beta grains nucleate, boron in
the solution is rejected as shown in Figure:3.11. The rejection of boron increases the
solute concentration resulting in a variation in the liquidus temperature. This further
leads to higher constitutional supercooling that caused instability at the liquid/solid
interface. This instability provides additional driving force for the nucleation of beta
grains. As the temperature is further dropped below the eutectic temperature, an eu-
tectic mixture of TiB +β is trapped between the beta grains. When the temperature
drops below the beta transus temperature, the beta phase is converted to the alpha
phase by allotropic transformation, while retaining the beta grain boundaries [20]. If
the boron concentrations are below the critical levels, the rejected boron during solid-
ification is dispersed in to the remaining liquid without effecting the grain refinement.
3.4 Processing of Beta - Titanium alloys
Beta-titanium alloys are subjected to primary and/or secondary processing steps be-
fore aging to obtain a final desired shape. Primary processing steps involve thermo-
mechanical steps to change the cast ingot to a mill product (bar, billet, slab, plate,
sheet or strip). Secondary processing steps such as forging or extrusion are used to
30
obtain the final desired shape [82]. These primary and secondary steps are carried
out at different temperatures depending on the alloy composition, microstructure and
the final properties desired. The strength levels and other mechanical properties of
the finished shape/part can be enhanced by further aging / heat-treatment. Beta-
titanium alloys can be either cold or hot processed. The beta phase can be retained
at room temperatures due to the slow transformation rate of β → α in beta-titanium
alloys. Cold working can be carried out on this retained beta phase. Hot working of
beta titanium alloys is carried out above the beta transus temperature or below the
beta transus temperature.
Single phase Beta-titanium alloys deform by different mechanisms such as fine
slip, coarse slip, twinning and the formation of martensite and ω phase [83]. Weiss
et.al [43] summarized the general and high temperature thermo-mechanical processing
of beta-titanium alloys. Hot working of beta-titanium alloys above the beta transus
temperature is usually carried out for alloys that exhibit dynamic recovery in which
the increase in strength by dislocation generation is compensated by the dislocation
annihilation. Discontinuous yielding (due to rapid generation of mobile dislocations
from grain boundary sources) followed by constant stress deformation was observed
in the flow curves of several beta-titanium alloys tested above the beta transus tem-
perature. Flow curves of beta titanium alloys tested at sub-transus temperatures
exhibited yielding followed by a short period of work hardening and flow softening.
The magnitude of flow softening is greater at low temperatures and high strain rates.
At high temperatures and slow strain rates, flow softening followed by steady state
flow was observed. The flow softening behavior was attributed to the dynamic mi-
crostructure changes in the alpha phase. The hard alpha phase in the soft beta matrix
at sub-transus temperature was considered to cause strain misorientations during de-
formation. This misorientation leads to the formation of smaller high-misorientation
subgrains in the structure [43].
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Jaworski et.al [83] carried out a systematic study to understand the effect of α
phase on the deformation mechanisms of β titanium alloys. The deformation mech-
anisms in single phase β alloy: Ti-14.8%V are by twinning and slip. Stress induced
martensite was observed in the β phase Ti-8.1%V. The formation of martensite was
related to the elastic interaction stresses and resolved shear stresses from slip and
twinning in the α phase. The formation of stress induced marten site in Ti-8.1V
but not in Ti-6.0Mn was related to the β to α phase yield strength ratio and the
β phase stability [83]. Salishchev and co-workers [84] studied the effect of thermo-
mechanical and alloy content on grain size and homogeneity of β -rich titanium alloys.
Microstructure evolution during hot working of beta titanium alloys is reported to
be by dynamic recovery and recrystallization. Ultra fine grained microstructure with
randomly oriented alpha and beta phases were produced under thermo-mechanical
conditions close to superplastic deformation [84]. The uniformity of the starting
microstructure and the thermo-mechanical processing variables (temperature, strain
rate, etc.) play a key role in controlling the final microstructures. A schematic rep-
resentation of the sequence of events during deformation and annealing is shown in
Figure:3.12. A processing window (depending on the material parameters that results
in uniform structures might exist) for each of the alloys [85].
Karasevskaya et.al [86] studied four different beta titanium alloys (TIMETAL-
LCB, Ti-15-3, VT22 and TC6) to understand the cold workability in the solution
annealed condition. The mechanisms were understood by relating the cold workabil-
ity to the subgrain structure, stress induced phase transformation and texture. The
initial degree of grain subdivision by subgrains and the deformation process play an
important role in controlling the cold workability. Strain is readily induced by defor-
mation and rotation in alloys having a high degree of subgrain/cell structures. Cold
ductility is high in these kind of alloys as non uniform deformations are accommodated
from one grain to the other. This generates low stresses at grain boundaries. Alloys
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with poor structures exhibit low ductility’s as the stress accommodation is limited
by inter-granular stresses generated by phase transformations and texture compo-
nents [86]. Successful cold working of different beta titanium alloys was reported in
the literature [87,88,89,90,91].
3.5 Heat-treatment of beta titanium alloys
Sluggish phase transformation of β → α in beta alloys permit the formation of 100%
beta at room temperature. In metastable alloys, 100% can be retained even by air
cooling. Exposure of beta-titanium alloys (in STA condition) to high temperatures
below beta transus temperature over a period of time (aging) results in decomposition
of the beta phase. The beta phase is partially/completely transformed in to α-phase
during aging heat treatments. The morphology of the α-phase: equiaxed, acicular or
bi-modal depends on the aging temperatures and exposure time. Intermediate phases
such as ω , α ′, α ′′, β ′ form during β → α transformation. The formation of these
phases depends on alloy composition, aging temperature and play a key role during
heat treatment. Intermetallic compounds can be formed during aging if the alloy
has sufficient eutectoid alloying elements [92]. Two types of omega phases (athermal
omega phase and thermal omega phase) were reported to be formed during isothermal
aging of beta titanium alloys [93]. The transformation of β → athermal omega was
suggested to be diffusionless [92, 93]. The crystal structure of athermal omega was
found to be either hexagonal (solute-lean alloys) or trigonal (heavily stabilized alloys)
depending on the alloy concentrations [93]. Isothermal omega is usually formed during
low temperature aging. The morphology of isothermal omega can be either cuboids or
ellipsoids [93]. Isothermal omega have shown to effect the phase transformations (act
as nucleating sites for alpha precipitation) and mechanical properties during aging.
However, athermal omega only effects the formation of isothermal omega and doesn’t
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effect the final mechanical properties [92,93].
High temperature aging is usually carried out at about 82−192oC below the beta
transus temperature. The exposure times at these temperatures are usually less than
24 hours. It is also reported that the alpha particles formed during high temperature
aging are coarse [92]. Omega or β ′ phases are not expected to form during high
temperature aging. Low temperature aging is carried out in the range: 200−450oC.
The β → α decomposition in meta stable beta alloys during low temperature aging
can be summarized as [92, 94]: β → β + ω → β + ω + α → β + α . The phase
transformations during low temperature aging of solute rich beta titanium alloys are:
β → β + β ′ → β + β ′ + α → β + α . Exposure during low temperature aging are
very long (more than 24 hours). Duplex aging heat treatments (low temperature
aging followed by high temperature aging) are usually carried out to reduce heat
treatment times and to control the size and distribution of the α-phase [92]. The phase
transformation during duplex aging are [92]: low temperature aging - β → β + ω or
β → β + β ′ and high temperature aging - β + ω → β + α or β + β ′ → β + α . During
low temperature aging ω or β ′ phases are precipitated homogeneously. These phases
act as nucleating sites for alpha precipitates and promote homogeneous precipitation
[93]. Thermo-mechanical processing steps would effect the phase transformations and
subsequently the mechanical properties. Cold rolling prior to aging effects the phase
transformations and kinetics involved during α-phase precipitation [92]. The shift in
the TTT diagrams (for aging of meta stable alloys) towards the left side indicates
reduced aging times [92]. Increased lattice defects during cold working effects the
recovery and recrystallization and thus effects the overall mechanical properties [95].
Microstructural characteristics of heat-treated beta titanium alloys depends on
the prior deformation rate or prior processing conditions. Jha et.al [96] classified
beta titanium alloys into three classes based on processing history and the resulting
microstructure. The effect of processing history on microstructure is schematically
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shown in Figure:3.13. Beta processing and direct aging would result in a finer α-
phase distribution. The size of the α-particles depends on the cooling rate (air cool-
ing/water quenching) after beta processing. No grain boundary α-precipitation is
expected during this processes. Beta processing along with α + β solution treatment
followed by aging would result in a microstructure consisting a mixture of coarse
and fine α-precipitates. The processing steps and resulting microstructure are shown
in Figure:3.13b. Super - beta heat treatment (beta processing followed by solution
treatment above beta transus temperature) and aging would result in a non uni-
formly distributed alpha precipitates and continuous α-grain boundary film. Alloys
processed by beta processing + aging show a Superior fatigue properties compared
to the other processing steps discussed. The different processing steps didn’t show
much variation in strength (yield strength and UTS) levels.
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Feature Enhances Degrades
Equiaxed α Strength Fracture Toughness
Ductility Fatigue Crack Growth Resist
Fatigue Initiation Resist Notched Fatigue Resist
Low Cycle Fatigue Resist
Elongated α Fracture Toughness Ductility
Notched Fatigue Resist. Fatigue Initiation Resist.
Fatigue Crack Growth Resist. Low Cycle Fatigue Resist.
Widmanstatten α Fracture Toughness Ductility
Notched Fatigue Resist. Fatigue Initiation Resist.
Fatigue Crack Growth Resist. Low Cycle Fatigue Resist.
Creep Strength
Bi-modal α Strength Fatigue Crack Growth Resist.
Ductility Fracture Toughness
Fatigue Initiation Resist.
Low Cycle Fatigue Resist.
Colony α Fatigue Crack Growth Resist. Strength
Fracture Toughness Ductility
Notched Fatigue Resist. Fatigue Initiation Resist.
Low cycle Fatigue Resist.
Secondary α Strength Fracture Toughness
Ductility
Grain shape Fracture Properties Fatigue Initiation Resist.
(elongated) Fatigue Crack Growth Resist.
Notched Fatigue Resist.
Coarse grain Fracture Toughness Strength
β grains Ductility
Creep Low Cycle Fatigue Resist.
Fatigue Initiation Resist.
Fine prior β grains Strength
Fatigue Initiation resist. Fracture Toughness
Ductility Notched Fatigue Resist.
Mixed-mode Strength Fracture Toughness
grain size Fatigue Initiation Resist.
Alpha films Fatigue Initiation Resist. Fatigue Crack Growth Resist.
Notched Fatigue Resist.
Grain boundary α Fracture Toughness Ductility
Fatigue Crack Growth Resist. Fatigue Initiation Resist.
Notched Fatigue Resist. Low Cycle Fatigue Resist.
Table 3.2: Microstructure-Property Relationships in titanium Alloy [44]
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Reaction T(oC) Type at.% B
Liquid ↔ TiB2 3225 ± 25 Congruent 66.7
Liquid + TiB2↔Ti3B4 2200 ± 25 Perirectic 42 ± 3 65.5 58.1
Liquid + Ti3B4 ↔ TiB 2180 Perirectic 39 58.1 50
Liquid ↔ TiB2+ (βTi) 2080 ± 20 Eutectic 98 100 66.7
Liquid ↔ (βTi) + TiB 1540 ± 10 Eutectic 7 ± 1 <1 50
(βTi) + TiB↔ (αTi ) 884 2 Peritectoid 0.1 49 0.2
Liquid ↔ (βTi) 1670 Melting point 0
(βTi) ↔ (αTi ) 882 Allotropic 0
Liquid ↔ (βB) 2092 Melting point 100
Table 3.3: Different reactions in the Ti-B system [68,69]
Phase Pearson Space Struktur-Bericht Proto- a b c
symbol group designation type (nm) (nm) (nm)
α Ti hp2 P63/mmc A3 Mg - - -
β Ti cI2 Im3m A2 W - - -
TiB oP8 Pnma B27 FeB 0.612 0.306 0.456
TiB2 hP3 P6/mmm C32 AlB2 0.302 0.323 0.454
Ti3B4 oI14 Immm D7b Ta3B4 0.325 1.373 0.322
β B hR108 R3m - β B 1.092 - 2.381
Table 3.4: Crystal structures and lattice parameters of Ti-B system [68,69].
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Figure 3.11: Schematic illustration of the Grain refinement mechanism in Ti-B alloys
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Figure 3.13: Processing, heat treatment and microstructure of β -titanium alloys [96].
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Chapter 4
Experimental Materials: Beta21S
and Ti5553
4.1 Chemical composition
Two meta stable beta-titanium alloys: Beta21S and Ti5553 with and without boron
additions are used in the present research. Four different alloy compositions: Beta21S,
Beta21S-0.1wt%B, Ti5553 and Ti5553-0.1wt%B are selected. The material is received
in as-cast condition produced at Flowserve Corporation, Dayton, OH. Titanium along
with alloying elements and elemental boron were melted via induction skull melting
and cast in a graphite mold. The cast ingots were 70 mm in diameter and 500 mm
in length. Figure 4.1 shows a typical as-cast ingot used in this research. The as-cast
ingots were subjected to hot isostatic pressing (HIP) at 900oC and 100 MPa for 2
hours. The compositions of Beta21S and Ti5553 obtained from chemical analysis
are tabulated in Table 4.1 and Table 4.2 respectively. Oxygen levels up to 0.25% in
Beta21S were reported to have no effect on strength/ductility relationships [97]. The
alloys used in the present research have oxygen contents ∼ 0.2%. No studies on the
effect of oxygen contents in Ti5553 have been reported.
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Figure 4.1: As-cast ingot: 70mm dia X 500mm.
Mo Nb Al Si Fe B O H N C Ti
Beta21S 15.2 2.8 2.7 0.2 0.43 – 0.19 0.0007 0.022 0.02 bal.
Beta21S-0.1B 14.7 2.8 2.8 0.2 0.41 0.12 0.20 0.0008 0.022 0.02 bal.
Table 4.1: Chemical composition of Beta21S
The nominal compositions of the selected beta alloys are: Ti-15Mo-2.6Nb-3Al-
0.2Si (Beta21S) and Ti-5Al-5V-5Mo-3Cr (Ti5553). Beta21S and Ti5553 are also
known as TIMETAL-21S and TIMETAL-5553 respectively and are developed by
TIMET corporation. Beta21S was first publically introduced by TIMET in 1988 [98].
Beta21S was developed as a strip alloy and specifically for improved oxidation re-
sistance, thermal stability and elevated temperature strength [97]. Ti5553 in an im-
proved version of a Russian alloy VT-22 (Ti-5Al-5V-5Mo-1Cr-1Fe) and was publically
introduced in 1997 [99]. Moly. Equivalent MoEq of these alloys can be estimated by
using [33]:
MoEq = 1.0Mo + 0.67V + 0.44W + 0.28Nb + 0.22Ta + 2.9Fe + 1.6Cr−1.0Al wt%
MoEq−Beta21S = 1.0∗15 + 0.28∗2.6−1.0∗3 = 12.72 wt%
MoEq−Ti5553 = 1.0∗5 + 0.67∗5 + 1.6∗3−1.0∗5 = 8.15 wt%
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Mo V Al Cr Fe B O H N C Ti
Ti5553 5.2 5.0 5.1 3.0 0.4 – 0.21 0.0014 0.01 0.02 bal.
Ti5553-0.1B 5.0 4.9 5.2 3.2 0.5 0.1 0.19 0.0008 0.01 0.01 bal.
Table 4.2: Chemical composition of Ti5553
The Beta transition temperatures for Beta21S [97] and Ti5553 [99] alloy were
reported as 805oC and 860oC rerspectively. Figure 4.2 shows beta transition tem-
peratures of various titanium alloys against their corresponding Moly. Equivalent
(MoEq) [43]. The beta transition temperatures of Beta21S and Ti5553 along with
their MoEq were shown on the same plot. The beta transus temperature of Ti5553
was equivalent to that of VT-22.
806 C
860 C
Figure 4.2: Beta transus temperatures Tβ of various titanium alloys [43].
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4.2 Physical and Mechanical Properties
The standard physical and mechanical properties of the alloys (Beta21S and Ti5553)
used in this study are obtained from literature [97,99] and are tabulated in Table 4.3
and Table 4.4 respectively. The physical properties of the boron modified alloys are
not expected to vary much as the density and thermal expansion of boron are very
close to that of titanium. The mechanical properties of the boron modified alloys
are compared with the non-boron containing alloys by Tamarisakandala et.al [19] and
5% increase in strength was reported. Boron modified Beta21S showed improved
ductility, while boron modified Ti5553 showed a little loss in the tensile ductility.
Property Beta21S Ti5553
Beta transus ∼ 793 to 810oC 856oC
Density 4.94g/cm3 4.65g/cm3
Elastic modulus 74 to 85 GPa 112 GPa
(Beta annealed) (Tensile)
96.5 to 103.5 Gpa 113 GPa
(Beta annealed + aged) (Compressive)
Thermal Expansion 8.5X10−6/oC ∼ 8.5X10−6/oC
Table 4.3: Physical properties of Beta21S [97] and Ti5553 [99].
Beta21S Tensile Yield Strength Ultimate Tensile Strength % elongation
L 1307 MPa 1370 MPa 8.25%
T 1350 MPa 1430 MPa 7.75%
Ti5553 Tensile Yield Strength Ultimate Tensile Strength % elongation
L 1214 MPa 1269 MPa 14%
T 1241 MPa 1303 MPa 11%
Table 4.4: Mechanical properties of Beta21S (STA + Aging at 540oC for 8 hours) [97]
and Ti5553 (STA+aged condition of a billet) [99].
4.3 Characterization of as-cast + HIP alloys
Sample sections of 12.5 x 12.5 x 12.5 mm were sliced from the as-cast + HIP ingots for
micro-structural evaluation. Standard metallographic techniques were used to polish
44
100 m
(a) Beta21S
100 m
(b) Beta21S-0.1B
Figure 4.3: Optical micro graphs of Beta21S alloys in as-cast + HIP condition.
the samples. Samples were etched with Kroll’s reagent to reveal the grain boundaries.
Optical micro-graphs of the as-cast + HIP Beta21S and Beta21S-0.1%B alloys are
shown in Figure 4.3a and Figure 4.3b respectively. Grain size measurements were
carried out on these micro-graphs using a linear-intercept method. The average grain
size in Beta21S was ∼ 185µm, while the grain size in Beta21S-0.1%B was ∼ 85µm,
No significant differences in the grain morphology (equiaxed or elongated) along the
longitudinal and transverse directions was observed. As observed from the micro-
graphs, significant grain refinement (185 → 85µm) was obtained by boron additions.
Optical micro-graphs of the as-cast + HIP Ti5553 and Ti5553 + 0.1%B alloys
are shown in Figure 4.4a and Figure 4.4b respectively. Grain size measurements were
carried out on these micro-graphs using a linear-intercept method. The average grain
size in Ti5553 was ∼ 300µm, while the grain size in Ti5553-0.1%B was ∼ 65µm.
No significant differences in the grain morphology (equiaxed or elongated) along the
transverse and longitudinal direction was observed. As observed from the micro-
graphs, significant grain refinement (300 → 65µm) was obtained by boron additions.
The extent of grain refinement was greater in Ti5553 as compared with Beta21S.
The SEM micro-graphs showing detailed micro-structural features are obtained
from Tamarisakandala et.al [81, 19]. Backscattered SEM images in low and high
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100 m
(a) Ti5553
10m
(b) Ti5553-0.1B
Figure 4.4: Optical micro graphs of Ti5553 alloys in as-cast + HIP condition.
magnification for Beta21S and Ti5553 alloys are shown in Figure 4.5 and Figure 4.6
respectively. The low magnification micro-graphs show prior beta grains while the
high magnification micro-graphs show inter-granular and grain boundary features. It
is clearly evident from the micro-graphs that the TiB particles formed in the boron
modified alloys are preferentially located at the grain boundaries. The TiB particles
are randomly oriented along the grain boundaries. Thin and continuous grain bound-
ary alpha was observed in the Beta21S alloy without boron, where as discontinuous
grain boundary alpha was observed in Beta21S + 0.1%B alloy. This clearly indicates
that the TiB along the grain boundaries has an effect on the β → α transformation.
However, no significant difference in grain boundary alpha formation was found in
Ti5553 alloys. In all these alloys, acicular alpha was observed in the grains. The
observations of grain refinement in boron containing alloys and the presence of TiB
at the grain boundaries can be explained by the grain refinement mechanism reported
in [20].
The grain refinement obtained in as-cast condition could be beneficial in terms
of eliminating/reducing some of the primary processing steps involved in ingot break
down processes. Also grain refinement could increase strength (Hall-Petch relation-
ship), ductility, fatigue and other mechanical properties. The presence of TiB at the
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(a) As-cast Beta21S (low magnification) (b) As-cast Beta21S (high magnification)
(c) As-cast Beta21S-0.1B (low magnification) (d) As-cast Beta21S-0.1B (high magnification)
Figure 4.5: SEM Micro-graphs of as-cast + HIP: (a,b) Beta21S (c,d) Beta21S-0.1%B.
(courtesy of Tamarisakandala et.al [19])
47
(a) As-cast Ti5553 (low magnification) (b) As-cast Ti5553 (high magnification)
(c) As-cast Ti5553-0.1B (low magnification) (d) As-cast Ti5553-0.1B (high magnification)
Figure 4.6: SEM Micro-graphs of as-cast + HIP: (a,b) Ti5553 (c,d) Ti5553-0.1wt%B.
(courtesy of Tamarisakandala et.al [19])
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grain boundaries could restrict the grain growth during high temperature exposure
(discussed in Chapter Grain size stability) and thus increase formability.
4.4 Forging of as-cast alloys
Forging of Beta21S and Ti5553 with and with out boron additions to 50% reduction
in heights and at elevated temperatures were carried out on a 1000 ton hydraulic
press at Wright Patterson Airforce Base, Dayton, OH (courtesy: Dr. Dan Miracle for
providing the materials). The starting stock sizes for forgings are cylinders with 68.58
mm in diameter and 100 mm (2.7” dia x 4” height) in height. The starting blocks
are shown in Figure 4.7a. Beta21S and Beta21S-0.1B are held above the beta transus
temperature at 845oC (1500F) for 1 hour prior to forging. Samples of Ti5553 and
Ti5553-0.1B are held 50oC below the beta transus temperature at 830oC (1525F) for
1 hour prior to forging. All the four forgings were carried for 50% reduction in height
at 25 inch/min (∼ 10mm/sec ). The forged pancakes (∼ 2 inch height) are shown
in Figure 4.7b. Following forging, the pancakes are air cooled to room temperature.
Figure 4.8 shows a close view of the forged surfaces. As observed, the boron containing
alloys exhibit a smooth surface while the non-boron containing alloys have a rough
surface (the orange peel effect). This indicates good formability in boron containing
alloys. The boron containing alloys restrict grain growth (discussed in Chapter: Grain
size stability) at these forging temperatures and thus provide good formability. This
could be related to good die fill and workability during forging industrially applicable
parts.
Sections perpendicular to the forging axis were selected for micro-structural char-
acterization. The micro-graphs of forged Beta21S and Beta21S-0.1B are shown in
Figure 4.9. Coarse beta grains are seen to be aligned perpendicular to the forging di-
rection. The grains are coarser compared to the as-cast condition. Figure 4.9b shows
49
alpha precipitates, which could be formed during air cooling after forging. Fine grains
along with TiB particles are seen to be aligned perpendicular to the forging axis in
boron containing Beta21S alloy (Figure 4.9c). The grain size in boron containing
alloys was retained after forging, which indicates grain stability at elevated temper-
atures. Alpha precipitates were also observed in boron containing alloy as seen in
Figure 4.9d. The micro-graphs of forged Ti5553 and Ti5553-0.1B are shown in Fig-
ure 4.10. As seen from Figure 4.10a, coarse grains are aligned perpendicular to the
forging direction. The grain growth is significant even at sub transus temperature
in Ti5553. Fine and homogeneously distributed alpha precipitates along with grain
boundary alpha are observed in Figure 4.10b. These precipitates are formed as a
result of forging at sub transus temperatures followed by air cooling. Fine grains are
retained in boron containing Ti5553 alloy as seen in Figure 4.10c. TiB particles along
with the grains are aligned perpendicular to the forging direction. Alpha precipitates
similar to those of the non-boron containing alloy were observed. Grain boundary
alpha was also observed in these alloys.
50
(a) Before forging
(b) After forging
Figure 4.7: Samples before and after forging.
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(a) Beta-21S (b) Ti-5553
Figure 4.8: Comparison of the forged samples with and with out boron
(a) Beta21S (b) Beta21S
(c) Beta21S-0.1B (d) Beta21S-0.1B
Figure 4.9: Micro-structure of as-forged Beta21S and Beta21S-0.1%B (forging axis is
horizontal)
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(a) Ti5553 (b) Ti5553
(c) Ti5553-0.1B (d) Ti5553-0.1B
Figure 4.10: Micro-structure of as-forged Ti5553 and Ti5553-0.1%B (forging axis is
horizontal)
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Chapter 5
Microstructural Stability
Advantages of using titanium alloys were discussed in detail in the Background chap-
ter. However, certain processing limitations exist. One of the drawbacks of Ti alloys
is the rapid grain growth at elevated temperatures due to enhanced diffusion rates.
Above the equi-cohesive temperature (0.5Tm), grain boundaries tend to be weaker
than the grain interior and the deformation is governed by grain boundary sliding.
Improved processability can be achieved if the as-cast fine grain size is retained at ele-
vated temperatures. It is extremely difficult to maintain fine grain sizes in single phase
alloys at elevated temperatures under conventional processing routes. To avoid this
effect, Ti alloys are often processed below the transus temperatures. It is well known
that the presence of Insoluble particles in the alloy matrix could restrict grain growth
at elevated temperatures by Zener pinning. As discussed in the background chapter,
TiB particles are insoluble at temperatures high (1400oC) above the beta transus of
Ti alloys [67]. The presence of TiB particles along the prior beta grain boundaries
could restrict grain boundary movement at elevated / beta processing temperatures.
One of the dissertation objectives is to investigate the effect of grain boundary TiB
precipitates on the beta grain stability of Beta21S (Ti-15Mo-2.6Nb-3Al-0.2Si) above
the beta transus temperature.
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5.1 Experimental procedure
Beta21S alloys, without boron and with trace (0.1 wt%) boron were considered for
microstructural stability studies. Both the alloys were annealed at four different
temperatures (810, 860, 910, and 960oC) above the nominal beta transus temperature
of Beta21S ( 807oC) [97]. Samples of 12.5 mm x 12.5 mm x 12.5 mm were cut
from the 3-inch as-cast ingots. Microstructural observations in both longitudinal and
transverse section revealed no difference is the microstructure. Increase in oxygen
content was shown to reduce the grain growth exponent at the expense of ductility in
pure titanium [100]. The samples used in this study were solution treated in vacuum
to avoid the oxygen effects. The samples were held in a pre-heated vacuum furnace
for durations ranging from 30 minutes to 10 hours. Following soaking at different
durations, the vacuum is turned off and the samples were pulled out of the furnace
and water quenched. The experimental plan is shown in Table 5.1. As the grain size
of the non-boron containing alloy was very coarse, multiple optical images across the
sample cross section were captured and the grain boundaries were traced out on a
photo montage of the macrograph. The photomontage is then re-calibrated for grain
size measurements. The grain size measurements were made on the polished samples
using ASTM-E112 method. A schematic of the method used is shown in Figure:5.1.
5.2 Results and Discussion
The as-cast microstructures for Beta21S and Beta21S-0.1B are shown in Chapter-4.
The average beta grain size of Beta21S in as-cast condition is ∼ 185µm. The addition
of 0.1 wt% boron refined the as-cast beta grain size to ∼ 85µm. The TiB that formed
during the solidification process was observed to be located at the prior beta grain
boundaries. The micrographs for samples solution treated at different temperatures
and durations are shown in Figures:5.2,5.3,5.4,5.5,5.6,5.7,5.8 and 5.9.
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Material Annealing Temperatures Exposure Time (hours)
Beta21S 810, 860, 910 and 960 C 1/2 1 2 5 10
Beta21S-0.1B 810, 860, 910 and 960 C 1/2 1 2 5 10
Table 5.1: Experimental procedure for grain growth studies.
Figure 5.1: Photomontage of the entire sample cross section for grain size measure-
ments
The grain size measurements for both the alloys is plotted against solutionizing
time in Figure:5.10. As observed in the plot, Beta21S alloy exhibits rapid grain
growth up to 2 hours and slower grain growth between 2 and 10 hours. On the other
hand, the boron containing alloys did not exhibit any significant grain growth even
after 10 hours of annealing time. This illustrates the strong effect of TiB particles on
the grain stability at elevated temperatures. Normalized grain size (measured grain
size/starting grain size) variations with annealing time at different annealing temper-
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atures for both the alloys are shown in Figure:5.11. For the non-boron containing
alloys, the grain size at the highest temperature and longest time is as large as 5
times the initial as-cast grain size. In the case of boron containing alloys, the sample
annealed at highest temperature for longer times showed less than 1.5 times the initial
grain size. The kinetics of grain growth is modeled by fitting the experimental values
to an equation of the form:
D1/n−D1/no = kt (5.1)
k = koexp
(
− Q
RT
)
(5.2)
where D is the grain size after solution treatment at temperature T for a time t, Do is
the initial grain size (at t = 0), n is the grain growth exponent and k, the rate constant
is expressed as a function of temperature (T ) and the activation energy (Q) as shown
in Equation: 5.2 [101]. Both n and k are material dependent properties. R is the gas
constant and ko is a constant. The grain growth exponent at different temperatures
was calculated by regression analysis. The grain growth exponent (n) and the rate
constant (k) for different annealing temperatures derived from the experimental values
by using Equation:5.1 are given in Table 5.2. The n values for Beta21S were around
0.1 at all annealing temperatures. For Beta21S-0.1B, n is about 0.06 at or above
860oC indicating insignificant grain growth. The n value for Beta21S-0.1B at 810oC
was significantly lower ( 0.01) compared to the higher temperatures. The ‘moly
equivalent’ for Beta21S-0.1B is lower (13.7) than that of Beta21S (14.3), and therefore
the beta transus temperature of Beta21S-0.1B is estimated to be lower than 810oC
and the thermal energy provided during annealing might have been utilized for α
to β phase transformation rather than grain growth. Boron is insoluble in titanium
and is not expected to affect the beta transus temperature of conventionally solidified
alloys. Increase in beta transus with boron additions [65] were previously reported in
alloys produced by powder metallurgy method. In view of this deviation, the data for
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Beta21S-0.1B at 810oC is not considered for further activation energy calculations.
The grain growth exponents for alpha and beta phases in pure titanium were
reported to be around 0.35 and 0.5 respectively [102]. Values of n close to 0.5 are
usually reported for ultra-pure metals and lower values of n are associated with solute
drag, texture or free surface effects [103]. Since the alloys studied are in as-cast
condition, and no abnormal growth was observed, the effect of texture is ruled out.
The low n values observed for the current alloys can be attributed to the high alloying
elements ( 21wt%) and thus to the solute drag effects. In the boron containing alloy,
TiB particles were observed at the grain boundaries and are insoluble in the matrix
below ∼ 1540oC (according to the phase diagram [67]). These particles are expected
to restrict the grain boundary movement by Zener pinning which further reduces
the growth constant much lower than those observed for the non-boron containing
alloy. Similar observations were reported by Godfrey et al. [103] in Ti-6Al-4V with
0.1wt% boron. Restricted grain growth in Ti alloys with dispersed particles has been
previously observed. Addition of 0.15% Gd to Ti-44Al alloy resulted in a lower n
value compared to the same alloy with out Gd additions [104]. Addition of 0.2% Pd
to pure Ti was reported to lower the growth rate exponent of the alpha phase from
0.45 to 0.05 at 800oC [102,105].
Temperature Beta21S Beta21S-0.1B
810oC 0.123 0.018
860oC 0.094 0.062
910oC 0.100 0.058
960oC 0.098 0.057
Table 5.2: Growth exponents for Beta21S and Beta21S-0.1B
The activation energies for grain growth in both the alloys were calculated by
plotting k, the rate exponent against inverse temperature, 104/T as shown in Fig-
ure:5.13. The slope of the line is used to calculate the activation energy according to
Equation5.2. The apparent activation energies for Beta21S and Beta21S-0.1B were
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calculated to be 320 kJ/mol and 914 kJ/mol, respectively. The activation energy for
grain boundary migration in Beta III (Ti-11.5Mo-6Zr-4.5Sn) alloy was reported as 330
kJ/mol [106]. The activation energy for self diffusion in beta titanium was reported
to be between 145-315 kJ/mol [107]. Semiatin et al. [101] reported the activation en-
ergy of Ti-6Al-4V in the beta phase to be 312 kJ/mol. These activation energies are
summarized in Table 5.3. The activation energy for the non-boron containing alloy
is close to these values indicating that the self diffusion in beta phase plays an im-
portant role during grain growth. The activation energy for the boron modified alloy
is around 3 times that of the non-boron containing alloy. This indicates restriction
of the atomic diffusion across the grain boundaries by the TiB particles. The high
activation energy suggests that diffusion is not likely the rate controlling mechanism
in Beta21S-0.1B. The kinetics of grain growth can be explained by Equation:5.3:
ν ∝
1
T
exp
(
−4G
a
RT
)
4G
Vm
(5.3)
where ν is the grain boundary velocity, 4G is the difference in the grain boundary
energy arising from the boundary curvature, 4Ga is the activation energy needed by
an atom to jump from one grain to the adjacent grain (same as Q in Equation:5.2),
Vm is the molar volume, T is the absolute temperature and R is the gas constant [108].
From the above equation, it is clear that the velocity of the grain boundary is inversely
proportional to the activation energy. High activation energy indicates slower grain
boundary movement.
Alloy Activation energy Reference
Beta III 330 kJ/mol [106]
Ti-6Al-4V in Beta phase 312 kJ/mol [101]
self diffusion in β -Ti alloys 145-315 kJ/mol [107]
Beta21S 320 kJ/mol This dissertation
Beta21S-0.1B 914 kJ/mol This dissertation
Table 5.3: Activation energy for various beta titanium alloys
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5.3 Pinning of Grain boundaries by particles
The pinning by secondary phase particles known as Zenner pinning is dependent
on the volume fraction, shape, size, and particle dispersion (random/ordered). The
driving pressure for a curved grain boundary is generally described as 2κγ/λg where
κ is the constant of proportionality, γ is the interfacial energy and λg is the grain
radius [109, 110]. The pinning pressure exerted by spherical shaped particles per
unit area of grain boundary was estimated by Zener [111] as 3 f γ/2r, where f is the
volume fraction of the particles, r is the radius of particle and γ is the grain boundary
interfacial energy [108]. The limiting grain size for a given volume fraction can be
calculated from: Dmax = 4r/3 f , where Dmax is the maximum grain diameter [108]. As
an extension to the Zener’s estimate, Nes et al. [112] have estimated the maximum
drag force for a particle of ellipsoidal shape.
The TiB particles present at the grain boundary are roughly shaped as hexagonal
prisms with tapered facets at the ends. The particles are approximated to be ellipsoids
to estimate the maximum grain size. Maximum drag forces for two cases, as shown
in Figure:5.16 were considered. In Case 1, the grain boundary is perpendicular to the
major axis of the ellipsoid (90o between the grain boundary and the TiB major axis)
and in Case 2, the grain boundary is perpendicular to the minor axis (0o between the
grain boundary and the TiB major axis). The maximum drag forces for each of these
cases were considered to be:
Fz(case1) = F
s
z
2
(1 + ε)ε1/3
(5.4)
Fz(case2) =
Fsz
π
(1 + 2.14ε)
ε1/2
(5.5)
where, Fsz is the drag force from a spherical particle of the same volume and ε is the
aspect ratio of the ellipsoid particles (ratio of major axis to the minor axis - b/a) [112].
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Conditions with ε ≤ 1 are not considered here. The pinning pressure (P) exerted by
ns particles is: nsFz where Fz is calculated from Equations:5.4 and 5.5. The pinning
pressure exerted by the particles on a spherical grain boundary can be expressed in
terms of interfacial energy and the grain size as 4γ/Dmax [108] where Dmax is the
maximum grain size. The number of particles ns can be calculated from Equation:5.6
ns =
3h f
8πa2b
(5.6)
where f is the volume fraction of the second phase particles, h is the projection of
the particle in the migration direction (h = πa2 for Case 1 and h = πab for Case 2),
a and b are the major and minor axis of the ellipsoid particle [113]. From the above
equations the maximum grain size for both the cases is estimated as:
Dmax(case1) =
16ε(1 + ε)
3π f
(5.7)
and
Dmax(case2) =
32ε1/6
3 f (1 + 2.14ε)
(5.8)
The change in the maximum grain size with respect to the volume fraction and the
aspect ratio (ε) for both the cases is shown in Figure:5.14. For a given aspect ratio,
as the volume fraction of the particles increases, the maximum grain size decreases
indicating more pinning of the boundaries in both the cases. On the other hand, for a
given volume fraction, the increase in aspect ratio increases the maximum grain size
in Case 1, while the grain size decreases in Case 2. For all orientations other than
0o (Case 1 / parallel to the grain boundary) and 90o (Case 2 / perpendicular to the
grain boundary) with respect to the grain boundaries, the maximum grain size lies
in between these two plots. The effect of orientation was discussed in detail by Li et
al [113].
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For the boron containing alloy, the volume fraction of the TiB particles was ex-
perimentally determined to be 0.01±10%. The TiB particles had a range of aspect
ratios and the average aspect ratio is considered to estimate the maximum grain size.
The average aspect ratio was calculated for roughly 300 TiB particles using SEM
microscopy and image analysis. The histogram for the size distribution is shown in
Figure:5.15. The maximum grain size limits for both the cases for volume fraction of
0.01 and with respect to the aspect ratio is shown in Figure:5.16. For an aspect ratio
of 4.5, the lower and upper limits for the maximum grain sizes predicted are 128 µm
and 4200 µm respectively. However, the aspect ratio of the TiB particles was observed
to vary across a wide range as seen in the histogram. The predicted values at ε = 4.5
were extended with in the standard deviations. This predicted range is shown as a
shaded region in Figure:5.16. The average grain size observed in Beta21S-0.1B for the
highest annealing temperature and longer times was approximately 122 µm which is
closer to the lower limit. This value falls within the predicted limits and is closer to
the lower limit. The TiB particles located at the grain boundaries are mostly along
the grain boundary, which is close to Case 2. As observed from the micrographs
in Figure:5.17, after 10 hours of annealing at 960o, few TiB particles were found in
the grain interior (arrows in Figure:5.17) and not all the TiB particles are perfectly
aligned on the grain boundary and are misoriented from being parallel to the grain
boundary, while only a few fall into Case 1. Few TiB particles very large in aspect
ratio compared to the average aspect ratio of 4.5 were also observed. Also, the pinning
pressure varies with the grain boundary curvature and deviations from 4γ/Dmax were
previously reported [110]. The predicted maximum grain size values for the given
aspect ratio and volume fraction are close to experimental values. However, detailed
analysis by considering the TiB orientation with respect to the grain boundaries and
the grain boundary curvature measurements are needed for exact prediction of the
maximum grain size.
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(a) 30 minutes (b) 60 minutes
(c) 120 minutes (d) 300 minutes
(e) 600 minutes
Figure 5.2: Beta21S solution treated at 810oC for (a) 30 minutes, (b) 60 minutes, (c)
120 minutes, (d) 300 minutes and (e) 600 minutes followed by water quenching.
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(a) 30 minutes (b) 60 minutes
(c) 120 minutes (d) 300 minutes
(e) 600 minutes
Figure 5.3: Beta21S-0.1B solution treated at 810oC for (a) 30 minutes, (b) 60 minutes,
(c) 120 minutes, (d) 300 minutes and (e) 600 minutes followed by water quenching.
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(a) 30 minutes (b) 60 minutes
(c) 120 minutes (d) 300 minutes
(e) 600 minutes
Figure 5.4: Beta21S solution treated at 860oC for (a) 30 minutes, (b) 60 minutes, (c)
120 minutes, (d) 300 minutes and (e) 600 minutes followed by water quenching.
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(a) 30 minutes (b) 60 minutes
(c) 120 minutes (d) 300 minutes
(e) 600 minutes
Figure 5.5: Beta21S-0.1B solution treated at 860oC for (a) 30 minutes, (b) 60 minutes,
(c) 120 minutes, (d) 300 minutes and (e) 600 minutes followed by water quenching.
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(a) 30 minutes (b) 60 minutes
(c) 120 minutes (d) 300 minutes
(e) 600 minutes
Figure 5.6: Beta21S solution treated at 910oC for (a) 30 minutes, (b) 60 minutes, (c)
120 minutes, (d) 300 minutes and (e) 600 minutes followed by water quenching.
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(a) 30 minutes (b) 60 minutes
(c) 120 minutes (d) 300 minutes
(e) 600 minutes
Figure 5.7: Beta21S-0.1B solution treated at 910oC for (a) 30 minutes, (b) 60 minutes,
(c) 120 minutes, (d) 300 minutes and (e) 600 minutes followed by water quenching.
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(a) 30 minutes (b) 60 minutes
(c) 120 minutes (d) 300 minutes
(e) 600 minutes
Figure 5.8: Beta21S solution treated at 960oC for (a) 30 minutes, (b) 60 minutes, (c)
120 minutes, (d) 300 minutes and (e) 600 minutes followed by water quenching.
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(a) 30 minutes (b) 60 minutes
(c) 120 minutes (d) 300 minutes
(e) 600 minutes
Figure 5.9: Beta21S-0.1B solution treated at 960oC for (a) 30 minutes, (b) 60 minutes,
(c) 120 minutes, (d) 300 minutes and (e) 600 minutes followed by water quenching.
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(a) Case 1: Major axis of TiB particles parallel to the grain boundary
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(b) Case 2: Major axis of TiB particles perpendicular to the grain boundary
Figure 5.14: Maximum grain size predicted for (a) Case1 and (b) Case 2 with respect
to aspect ratio and volume fraction
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Figure 5.15: Aspect ratio of TiB particles measured from micrographs
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Figure 5.16: Maximum grain size limits
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Figure 5.17: SEM Micrographs of Beta21S-0.1B annealed at 960C for 10 hours show-
ing TiB particles at the grain boundaries
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Figure 5.10: Grain size vs Annealing time for Beta21S and Beta21S-0.1B
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Figure 5.11: Ratio of instantaneous grain size to the initial grain size
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Figure 5.12: Grain growth exponent for Beta21S and Beta21S-0.1B
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Figure 5.13: Activation energy for grain growth in Beta21S and Beta21S-0.1B
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Chapter 6
Heat treatment / aging of cast
Beta21S alloys
6.1 Experimental procedure
Samples of Beta21S with and with out boron in as-cast condition were solution treated
at 860oC in a vacuum furnace for 30 min. The samples were then water quenched to
retain complete beta structure at room temperature. Following solution treatment,
the samples were subjected to heat treatment / aging at different temperatures for
different times in a box furnace. The test samples were placed in a furnace preheated
to an aging temperature (480oC, 540oC, 600oC or 660oC) and were held for a pre-
determined time (12 , 1, 2, 5 and 8 hours). Following the aging treatment, the samples
were air cooled to room temperature. Aged Beta21S and Beta21S-0.1B samples were
polished for microstructural examination to study the effect of boron on the aging
response. Backscattered scanning electron images were captured in an SEM on as-
polished sample surfaces.
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6.2 Microstructural characterization
Grain boundary alpha precipitation in boron free samples showed elongated secondary
alpha formation while the boron containing samples showed no secondary alpha at
the grain boundaries in the presence of TiB. In view of this observation, alpha precip-
itation at grain boundaries was not considered for quantitative analysis. The average
alpha phase volume fraction, length and aspect ratio of the alpha platelets at four
random grain interiors were calculated using image analysis.
6.2.1 Aging at 480oC
Grain boundary αand secondary α platelets precipitation after aging at 480oC is
shown in Figure.6.1 and 6.2 respectively. Very fine grain boundary alpha (˜50 nm)
can be observed at grain boundaries of aged samples of both boron and non-boron
alloys. The aging times did not influence the grain boundary alpha thickness. The
average alpha platelet thickness in the grain interior is about 50 nm in both the
alloys. The platelet length is observed to increase with aging time with no significant
change in the thickness, indicating one dimensional growth of the alpha platelets.
At longer aging times, secondary alpha growth is observed for both the alloys at
grain boundaries (Figure.6.1(e) and (f)). As observed in the same micrographs, the
secondary alpha at the grain boundaries seems to have an orientation relationship
with the grain boundary alpha but not with the TiB particles. This suggests that the
interface between the alpha phase and TiB particles present at the grain boundaries
does not offer any nucleation sites for alpha precipitation at this temperature. The fine
size of the precipitates observed for samples aged at this temperature is believed to be
assisted by the formation of isothermal omega phase [92,93] as mentioned previously
in the background chapter (Figure.3.2). Quantitative analysis of samples aged at
480oC was not performed as the formation of omega phase at low temperatures was
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suggested to be a diffusionless process [92, 93] which is a different mechanism that
occurs at other aging temperatures used in this study.
6.2.2 Aging at 540oC
Micrographs of samples aged at 540oC are shown in Figures.6.3 and 6.4. Thin (less
than 200 nm) and continuous grain boundary alpha was observed in both Beta21S and
Beta21S-0.1B. TiB particles did not effect the secondary alpha phase precipitation
at the grain boundaries (similar to the samples aged at 480oC). Boron containing
samples showed higher volume fraction of alpha phase at all aging times as compared
to the non-boron containing alloy. This is illustrated in Figure.6.5. It is also observed
that the alpha phase precipitation is not uniform in the non-boron containing alloy.
The length of alpha platelets increases with increasing aging time. Though there is
no significant difference between platelet lengths in boron and non-boron containing
alloys, the aspect ratio (ratio of platelet length to the thickness) of the platelets in
boron containing alloys is slightly less than that of the non-boron containing alloy
at lower aging times (Figure.6.6). No significant difference in either alpha platelet
length or aspect ratio is observed at longer aging times. Reduced aspect ratio of the
platelets in both the alloys at 8 hours indicates growth in length as well as thickness
of the alpha platelets.
6.2.3 Aging at 600oC
Alpha phase at grain boundaries and grain interiors for samples aged at 600oC is
shown in Figures.6.7 and 6.8 respectively. Thick (˜0.25µm) and continuous grain
boundary alpha is observed in both the samples. Unlike the samples aged at 480oC
and 540oC, grain boundary alpha thickness is observed to increase with aging time.
Also, the length of secondary alpha platelets at the grain boundaries increase with
aging time in the non-boron containing alloy (Figure.6.7(i)). In the boron containing
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alloy, fine alpha phase enclosing the TiB particle was observed. This enclosed phase
is observed to coarsen at longer aging periods. More detailed discussion is provided
in section: 6.2.5 of this chapter. Figure.6.9 shows the variation of alpha phase volume
fraction with aging time. Significant differences in the alpha phase volume fraction
at lower aging times is observed between boron (˜25% at 12 hr) and non-boron (˜10%
at 12 hr) containing alloys. After 2 hours of aging, no significant difference between
the alloys is observed. It is also observed that the alpha precipitation in the boron
containing alloy is more homogeneious than the non-born containing alloy. The alpha
platelet showed an increase in length with aging time but no significant difference
between the boron containing and the non-boron containing alloy (Figure.6.10). Sim-
ilar to samples aged at 540oC, reduction in aspect ratio is observed in the non-boron
containing alloy at lower aging times.
6.2.4 Aging at 660oC
Micrographs of samples heat treated at 660oC for different aging times are shown in
Figures.6.11 and 6.12. The grain boundary alpha is thick (˜0.5µm) and continuous.
A thick alpha case along the TiB particles (similar to samples aged at 600oC) at
the grain boundaries was observed. The alpha precipitation at lower aging times in
the non-boron containing samples at the grain interiors was observed to be more non-
uniform (illustrated by the error bar in Figure.6.13) than any other aging temperature.
The alpha platelet length and the aspect ratio seems to follow similar trends with
increasing aging time as shown in Figure.6.14.
6.2.5 Comparison between heat treatments
The grain boundary alpha precipitation of the boron containng alloys is observed
to be similar to grain boundary precipitation in non-boron containing alloys in the
absence of TiB particles. Alpha case along the TiB particles that appears to be
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enclosing the particle in the boron containing alloys is observed in samples aged at
600oC and 660oC. Figure.6.15 shows TiB particles at grain boundaries for samples
aged at different temperatures. Samples aged at 480oC and 540oC did not exhibit
any secondary alpha precipitation at the TiB /β matrix interface even after 8 hour of
aging. For samples aged at 600oC and 660oC, alpha phase is observed at the TiB /β
matrix interface after 30 minutes of aging time. This α phase showed slight growth
(increase in the case thickness) as the samples are aged to 8 hours (Figures.6.15 c,d
and e). The alpha phase is observed to be on either side of the TiB particles, which
could be a case enclosing the TiB particles along the grain boundary. This could be
formed by: (1) the alpha phase that is nucleated at the β/β triple points and grows
along the β/β grain boundary and continues to grow and enclose the TiB particle
present at the grain boundary or (2) by alpha phase nucleation at the TiB /β matrix
interface. If the latter is true, crystal orientation relationship may exist between
the alpha phase and TiB. Electron Back Scattered Diffraction (EBSD) analysis was
attempted, but the resolution of EBSD was not sufficient to obtain the diffraction
patterns on the alpha case. This alpha case that is formed along the TiB particles
showed no indication of any secondary alpha precipitation with continued aging.
Aging of boron modified Beta21S has not been reported in the literature. How-
ever formation of equiaxed alpha in Ti-6Al-4V with the presence of 14 vol% TiB
was observed by Hill et. al [114]. Crystallographic orientation relationships between
the alpha phase, TiB and the Beta phase were examined to study the effect of TiB
precipitates on nucleation, growth and morphology (size, aspect ratio, etc.) of al-
pha precipitation. Furnace cooling of Ti-6Al-4V-14 vol% TiB showed equiaxed alpha
phase as compared to widmanstatten alpha laths in Ti-6Al-4V with out any boron
addition. Selected region in the microstructure that contains TiB particle along with
alpha and beta phases was chosen to study the orientation relationships. Specific
crystallographis orientations between TiB and few alpha precipitates was observed
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while few other alpha precipitates did not exhibit any specific orientaion relations.
The observations were inconclusive as the orientation studies did not provide infor-
mation on alpha nucleation sites. It is to be noted that the alloys used in present
work are metastable beta alloys with only 0.1 wt% boron.
Though differences in volume fraction are observed at lower times for boron and
non-boron containing alloys, no significant differences are observed at longer aging
times. The alloys used in the present study are as-cast and no prior deformation was
induced before aging, thus the presence of any residual stresses are ruled out. The
accelerated aging response observed at lower aging times could be due to the residual
defects that are formed during water quenching the samples from 50oC above the
beta transus (860oC) to room temperature. Since no secondary alpha precipitation is
observed at the TiB / β matrix, it is concluded that the differences between boron
and non-boron containing alloys is due to the grain refinement obtained by boron ad-
ditions but not due to any additional nucleation sites by TiB-matrix interface. These
observations are similar to the aging behavior of coarse grained versus fine grained
beta titanium alloys reported by Ivasishin et. al [115]. The fine grain size in beta tita-
nium alloys was maintained by rapid heating technique to prevent coarsening, while
the coarse grained material was obtained by conventional heating. The acceleration
of precipitation in fine grained material was attributed to residual defects / stresses.
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(a) Beta21S: 1 hr (b) Beta21S-0.1B: 1 hr
(c) Beta21S: 5 hr (d) Beta21S-0.1B: 5 hr
(e) Beta21S: 8 hr (f) Beta21S-0.1B: 8 hr
Figure 6.1: Alpha phase precipitation at grain boundaries in Beta21S and Beta21S-
0.1B aged at 480oC for different aging times.
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(a) Beta21S: 1 hr (b) Beta21S-0.1B: 1 hr
(c) Beta21S: 5 hr (d) Beta21S-0.1B: 5 hr
(e) Beta21S: 8 hr (f) Beta21S-0.1B: 8 hr
Figure 6.2: Intra-granular Alpha phase precipitation in Beta21S and Beta21S-0.1B
aged at 480oC for different aging times.
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(a) Beta21S: 1/2 hr (b) Beta21S-0.1B: 1/2 hr
(c) Beta21S: 1 hr (d) Beta21S-0.1B: 1 hr
(e) Beta21S: 2 hr (f) Beta21S-0.1B: 2 hr
(g) Beta21S: 5 hr (h) Beta21S-0.1B: 5 hr
(i) Beta21S: 8 hr (j) Beta21S-0.1B: 8 hr
Figure 6.3: Alpha phase precipitation at grain boundaries in Beta21S and Beta21S-
0.1B aged at 540oC for different aging times.
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(a) Beta21S: 1/2 hr (b) Beta21S-0.1B: 1/2 hr
(c) Beta21S: 1 hr (d) Beta21S-0.1B: 1 hr
(e) Beta21S: 2 hr (f) Beta21S-0.1B: 2 hr
(g) Beta21S: 5 hr (h) Beta21S-0.1B: 5 hr
(i) Beta21S: 8 hr (j) Beta21S-0.1B: 8 hr
Figure 6.4: Intra-granular alpha phase precipitation in Beta21S and Beta21S-0.1B
aged at 540oC for different aging times.
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Figure 6.5: Volume fraction of secondary αplatelets at grain interiors in Beta21S and
Beta21S-0.1B aged at 540oC
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Figure 6.6: Aspect ratio and platelet length of alpha phase in Beta21S and Beta21S-
0.1B aged at 540oC
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(a) Beta21S: 1/2 hr (b) Beta21S-0.1B: 1/2 hr
(c) Beta21S: 1 hr (d) Beta21S-0.1B: 1 hr
(e) Beta21S: 2 hr (f) Beta21S-0.1B: 2 hr
(g) Beta21S: 5 hr (h) Beta21S-0.1B: 5 hr
(i) Beta21S: 8 hr (j) Beta21S-0.1B: 8 hr
Figure 6.7: Alpha phase precipitation at grain boundaries in Beta21S and Beta21S-
0.1B aged at 600oC for different aging times.
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(a) Beta21S: 1/2 hr (b) Beta21S-0.1B: 1/2 hr
(c) Beta21S: 1 hr (d) Beta21S-0.1B: 1 hr
(e) Beta21S: 2 hr (f) Beta21S-0.1B: 2 hr
(g) Beta21S: 5 hr (h) Beta21S-0.1B: 5 hr
(i) Beta21S: 8 hr (j) Beta21S-0.1B: 8 hr
Figure 6.8: Intra-granular alpha phase precipitation in Beta21S and Beta21S-0.1B
aged at 600oC for different aging times.
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Figure 6.9: Volume fraction of secondary αplatelets at grain interiors in Beta21S and
Beta21S-0.1B aged at 600oC
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Figure 6.10: Aspect ratio and platelet length of alpha phase in Beta21S and Beta21S-
0.1B aged at 600oC
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(a) Beta21S: 1/2 hr (b) Beta21S-0.1B: 1/2 hr
(c) Beta21S: 1 hr (d) Beta21S-0.1B: 1 hr
(e) Beta21S: 2 hr (f) Beta21S-0.1B: 2 hr
(g) Beta21S: 5 hr (h) Beta21S-0.1B: 5 hr
(i) Beta21S: 8 hr (j) Beta21S-0.1B: 8 hr
Figure 6.11: Alpha phase precipitation at grain boundaries in Beta21S and Beta21S-
0.1B aged at 660oC for different aging times.
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(a) Beta21S: 1/2 hr (b) Beta21S-0.1B: 1/2 hr
(c) Beta21S: 1 hr (d) Beta21S-0.1B: 1 hr
(e) Beta21S: 2 hr (f) Beta21S-0.1B: 2 hr
(g) Beta21S: 5 hr (h) Beta21S-0.1B: 5 hr
(i) Beta21S: 8 hr (j) Beta21S-0.1B: 8 hr
Figure 6.12: Intra-granular alpha phase precipitation in Beta21S and Beta21S-0.1B
aged at 660oC for different aging times.
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Figure 6.13: Volume fraction of secondary αplatelets at grain interiors in Beta21S
and Beta21S-0.1B aged at 660oC
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Figure 6.14: Aspect ratio and platelet length of alpha phase in Beta21S and Beta21S-
0.1B aged at 660oC
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The alpha volume fractions for samples aged at different temperatures for 8 hours
is shown in Figure. 6.16. As observed in the plot, aging at 600oC showed high
volume fractions of alpha phase at 8 hours. Aging at higher temperature results
in lower volume fractions as the temperature approach close to the beta transus
temperature (805oC for Beta21S). The analysis of the experimental data is carried
out using Johnson-Mehl-Avrami (JMA) equation. The JMA equation for isothermal
transformations is [116]:
f = 1− exp[−ktn] (6.1)
where f is the volume fraction of a phase that change with respect to time, k is the
reaction rate constant and n is the Avrami exponent. Evaluation of the Avrami ex-
ponent can provide insight on the nucleation and growth mechanisms. In the present
study, the alpha volume fraction is used to evaluate the Avrami exponents and the
above equation:6.1 is modified as:
y =
f (t)
f (max)
= 1− exp[−ktn] (6.2)
where f (t) is the volume fraction at time t and f (max) is the maximum volume
fraction. The above equation:6.2 can be rewritten as:
ln(ln(1/(1− y))) = nln(t)+ k (6.3)
The Avrami exponent n can be obtained by plotting ln(ln(1/(1−y))) against ln(t). In
the present analysis f (max)is considered as the maximum theoretical volume fraction
( f (max)=75% at 540oC, 64% at 600oC and 50% at 660oC [117]). Plots for 540oC,
600oC and 660oC are shown in figures: 6.17, 6.18 and 6.19 respectively. The calculated
values for Avrami exponent are tabulated in Table: 6.1. The Avrami exponents
estimated for boron and non-boron containing alloys are similar for samples aged at
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540oC. A change in the exponent from ˜0.67 up to 2 hours of aging to ˜0.27 at longer
aging times (2 to 8 hours) is observed at this temperature. Malinov et. al [117]studied
the β =⇒ α + β phase transformations in Beta21S at isothermal conditions. The
Avrami exponents reported at 500oC were similar (n = 1.17 at lower aging times and
n = 0.36 at longer aging times) to the exponents calculated in this dissertation. At
600oC, the boron containing alloy did not show any change in slope (n = 0.27) with
aging time while the non-boron containing alloy showed a change in exponents (n = 1
at lower aging times and n = 0.29 at longer aging times) as shown in Figure. 6.18.
Similar observations are seen for samples aged at 660oC. The Avrami exponent is
constant in the boron containing alloy (n = 0.12) for the entire aging period while
the exponent changes from n = 0.59 at lower aging times (up to 1 hour) to 0.23 at
longer aging times (1 hour to 8 hours) in the boron containing alloy. The change
in slopes over the aging period indicates the change in transformation behavior /
mechanisms. Similar observations has been previously reported for Beta titanium
alloys (Beta21S [117], Beta-CEZ [118] and Ti-10-2-3 [119]).
Aging
temperature
Beta21S at
lower aging
times
Beta21S at
higher aging
times
Beta21S-0.1B
at lower aging
times
Beta21S-0.1B
at higher
aging times
540oC 0.86 0.31 0.67 0.27
600oC 1 0.29 0.27 0.27
660oC 0.59 0.23 0.12 0.12
Table 6.1: Avrami exponent for Beta21S and Beta21S-0.1B aged at different temper-
atures.
The Avrami exponents calculated for the boron containing alloys follow similar
trends (change in exponent at 540oC and no change in slopes at 600oC and 660oC) as
observed in the studies conducted by Malinov et. al [117]. The variation in the slopes
could be due to slight changes in composition (Ti-3Al-14.12Mo-3.48Nb-0.14Si, 0.016C,
0.024C, 0.024N, 0.0963H, 0.15O) and the alpha volume fraction measurement tech-
nique (by resistivity measurements). However, the non-boron containing alloy showed
95
changes in slopes at all the aging temperatures. The change in the slopes observed at
lower temperatures was attributed to the diffusion mobility of Mo and Nb. Molybde-
num has a lower diffusion coefficient than that of Niobium in β -titanium and is thus
believed to control the transformation behavior [117]. Also the diffusion coefficient
varies with temperatures (5.86×10−18m2s−1at 500oC and 7.2×10−17m2s−1at 600oC)
which effects the transformation mechanism. The equilibrium concentration of Mo
and Nb in the beta phase as a function of temperature is shown in Figure. 6.20.
Though the alpha volume fraction measurements are from regions away from the
grain boundary, the variation of Avrami exponents between Beta21S and Beta21S-
0.1B found in this study could be due to compositional variation with in a single grain
as the material used in this study is in as-cast condition. Beta21S used by Malinov
et.al [117] was a typical commercial condition that has been processed through several
processing steps. It is well known that deformation processing enhances homogeneous
equilibrium concentrations of alloying elements. The starting grain size (after solution
treatment and water quenching) before aging is significantly different in these alloys
(∼ 500µm in Beta21S and ∼ 85µm in Beta21S-0.1B). Detailed compositional analysis
with in a single grain in both boron and non-boron containing alloy would provide
more information in understanding the mechanisms for precipitation and to explain
the variation of Avrami exponents at lower aging times.
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(a) 480 C for 8 hours (b) 540 C for 8 hours
(c) 600 C for 1/2 hour (d) 600 C for 8 hrs
(e) 660 C for 1/2 hr (f) 660 C for 8 hrs
Figure 6.15: TiB particles at grain boundaries in Beta21S-0.1B aged at different
temperatures.
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Figure 6.16: Volume fraction of secondary αplatelets at grain interiors in Beta21S
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Figure 6.18: JMA parameters for Beta21S and Beta21S-0.1B aged at 600oC
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Figure 6.19: JMA parameters for Beta21S and Beta21S-0.1B aged at 660oC
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Chapter 7
Thermomechanical processing
Addition of trace amounts of boron (0.1wt%) to Beta21S resulted in significant grain
refinement in as-cast condition (as observed in earlier chapters). Also, the TiB that is
formed during solidification was observed to inhibit grain growth at temperatures high
above the beta transus. In this chapter, Beta 21S and Ti5553 alloys with and with out
0.1 wt% boron in the as-cast + HIP condition were used to evaluate thermomechanical
processability. The primary objective was to study the effect of boron addition on
micro structural mechanisms and to obtain optimum processing conditions for primary
ingot break down steps. The secondary objective is to evaluate the feasibility of
reducing ingot breakdown steps and thus reducing processing costs as mentioned
in the introduction chapter. Isothermal hot compression tests were carried out to
simulate forging / ingot break down conditions.
Microstructural mechanisms during hot compression can be explained by several
approaches that are available in the literature. Some of the approaches used in this
study are: microstructural observations, analyzing the shapes of true stress-true strain
curves [120], kinetic rate equations [121], and processing maps [122].
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7.1 Experimental procedure
Cylindrical samples for hot compression tests were electric discharge machined (EDM).
Samples of 6 mm diameter and 9 mm height were machined with the compression
axis along the longitudinal axis of the cast ingots. Concentric grooves of 0.5 mm in
depth were machined on the top and bottom faces of the samples to hold lubricant
during the test. A one mm, 45o chamfer was also machined on the sample edges
to avoid folding during the test. Thin gauge (gage size-30 or wire diameter: 0.01
inches) chromel-alumel thermocouples were attached to the samples to monitor tem-
perature during the tests. The tests were carried out on a servo hydraulic test machine
(at IISc, Bangalore, India) with a maximum capacity of 100 KN. The compression
platens were enclosed by a resistance heating (SiC heating elements) split furnace.
Borosilicate glass paste was applied to the sample prior to the test for lubrication
and environmental protection. The platens were preheated to the test temperature
to obtain isothermal conditions. The samples were soaked for at least 30 minutes
between dies before starting the test. The samples were then compressed to 50%
reduction in height (nominal true strain: ε = 0.69 ) at different constant tempera-
tures (two temperatures in the alpha+beta region and two temperatures in the beta
phase) and constant true strain rates (0.001, 0.01, 0.1 and 1s−1) as listed in Table
7.1. An exponential decay in speed was provided to the testing machine cross head to
obtain true strain rate conditions. The load and displacement were recorded using an
automated data acquisition system during the tests. Following the test, the samples
were air cooled to room temperature. The compressed samples were sectioned parallel
to the compression axis for macro and micro-structural examination. Standard met-
allographic procedures were used to carry out the microstructural analysis. Kroll’s
etchant was used to etch the samples.
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Beta21S alloys 0.001s−1 0.01s−1 0.1s−1 1s−1
700oC X X X X
775oC X X X X
825oC X X X X
900oC X X X X
Ti-5553 alloys 0.001s−1 0.01s−1 0.1s−1 1s−1
775oC X X X X
825oC X X X X
900oC X X X X
950oC X X X X
Table 7.1: Compression test matrix for Beta21S and Ti-5553 alloys
7.2 Flow behavior
True stress - True plastic strain plots (refered to as flow curves hereafter) were gen-
erated from the load - displacement values recorded during the compression test. For
samples compressed at 0.01, 0.1 and 1s−1, flow stress values were corrected for defor-
mation temperature raise. It is assumed that the deformation heating at 0.001s−1 is
not significant. The temperature corrections were done using the equation 7.1
4T =
η 0.95
´
σdε
ρCp
(7.1)
where 4T is the deformation temperature raise, η is the deformation temperature
correction factor,
´
σdε is the energy absorbed (area under the true stress - true strain
plot), and ρCp is the heat capacity or the volumetric specific heat (ρ is the density,
and CP is the specific heat) [123]. Assuming 95% of the mechanical work is transferred
to heat, a factor of 0.95 is often used. The deformation temperature correction factor
η lies in between 0 and 1 depending on the strain rate. η = 1 is used for strain rates
of ≥ 101s−1 where as η = 0 for strain rates ≤ 10−3s−1. In this study, η = 0.33 is used
for testing done at 10−2s−1 and η = 0.66 for a strain rate of 1s−1 [124]. Once the
temperature rise for each of the strain rates and temperatures was calculated, linear
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interpolation between log(stress) and temperature(in Kelvin) was used to obtain the
corrected stress values. As expected, the deformation temperature raise for samples
tested at lower temperatures and 1s−1 was observed to be the highest among all the
test conditions. Though the actual uncorrected true stress - true strain curves were
used to explain the micro-structural observations, the true stress - true strain curves
after deformation temperature correction were used for activation energy calculations.
These curves can also be used in conjunction with FEA packages to simulate bulk
deformation processes.
The shape of the true stress-true strain plots can be used to explain different mi-
crostructural processes during hot deformation. Such examples include: (a) Curves
with an initial peak in flow stress and gradual drop in stress would suggest flow
softening and (b) oscillations in the flow curves could be due to dynamic recrystal-
lization [122].The uncorrected true stress - true strain flow curves for Beta21S and
Beta21S-0.1B are shown in Figures 7.1 to 7.4. Though the trends in the flow curves
are similar, details regarding the differences are discussed in a later section. The
following observations can be made about these flow curves:
1. At slow strain rates: For samples tested below the beta transus temperature
(700 and 775oC), a peak stress followed by gradual flow softening was observed.
For the same alloys tested at temperatures above the beta transition tempera-
ture (825 and 900oC), a peak stress followed by steady state deformation was
observed.
2. At fast strain rates: For samples tested below the beta transus temperature (700
and 775oC), a peak stress followed by rapid flow softening was observed. For
the same alloys tested at temperatures above the beta transition temperature
(825 and 900oC), a peak stress followed by gradual flow softening was observed.
The uncorrected true stress - true strain flow curves for Ti-5553 and Ti-5553-0.1B are
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shown in Figures 7.5 to Figures 7.8. The flow behavior of these alloys is similar to
that of the Beta21S alloys. The observations from these flow curves are listed below:
1. At slow strain rates: For samples tested below the beta transus temperature
(775 and 825oC), a peak stress followed by gradual flow softening was observed.
For the same alloys tested at temperatures above the beta transition tempera-
ture (900 and 950oC), a peak stress followed by steady state deformation was
observed.
2. At fast strain rates: For samples tested below the beta transus temperature (775
and 825oC), a peak stress followed by rapid flow softening was observed. For
the same alloys tested at temperatures above the beta transition temperature
(900 and 950oC), a peak stress followed by gradual flow softening was observed.
The yield stresses for each test condition is plotted against temperatures for both
boron containing and non-boron containing alloys as shown in Figure 7.9 and Figure
7.10. The beta transus temperature is represented by a dotted line in each of these
figures. Though the yield strength values are from a single test, the yield strength
of the boron containing alloys was observed to be higher than that of the non-boron
containing alloys for almost all the test conditions. Fine-grained microstructures are
expected to creep more at high temperatures and exhibit low floe stresses. Although,
boron modified alloys have finer grain sizes than non-boron alloys, their flow stresses at
higher temperatures are higher. Additional strengthening and grain boundary pinning
by TiB are potential sources for this observation. Though no significant differences
were observed in the peak stresses, variations in flow softening were observed in the
boron containing and the non-boron containing alloys. This effect is clearly illustrated
in Figures: 7.1-7.8.
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Figure 7.1: True plastic stress - strain curves for Beta21S (B1) and Beta21S-0.1B
(B2) at 0.001s−1 (not corrected for deformation heating)
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Figure 7.2: True plastic stress - strain curves for Beta21S (B1) and Beta21S-0.1B
(B2) at 0.01s−1 (not corrected for deformation heating)
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Figure 7.3: True plastic stress - strain curves for Beta21S (B1) and Beta21S-0.1B
(B2) at 0.1s−1 (not corrected for deformation heating)
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Figure 7.4: True plastic stress - strain curves for Beta21S (B1) and Beta21S-0.1B
(B2) at 1s−1 (not corrected for deformation heating)
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Figure 7.5: True plastic stress - strain curves for Ti5553 (T1) and Ti5553-0.1B (T2)
at 0.001s−1 (not corrected for deformation heating)
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Figure 7.6: True plastic stress - strain curves for Ti5553 (T1) and Ti5553-0.1B (T2)
at 0.01s−1(not corrected for deformation heating)
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Figure 7.7: True plastic stress - strain curves for Ti5553 (T1) and Ti5553-0.1B (T2)
at 0.1s−1 (not corrected for deformation heating)
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Figure 7.8: True plastic stress - strain curves for Ti5553 (T1) and Ti5553-0.1B (T2)
at 1s−1(not corrected for deformation heating)
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Figure 7.9: Compressive yield stress of Beta21S and Beta21S-0.1B at different tem-
peratures and strain rates.
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To understand the effect of temperature and strain rate on the flow behavior,
the true stress - true strain plots for Beta21S and Beta21-0.1B alloys without and
with deformation temperature correction (Equation-7.1) are shown in Figure 7.11
and Figure 7.12 respectively. The effect of deformation heating temperature raise in
each of these alloys is clearly seen for tests carried out at high strain rates. The flow
curves for the Beta21S and Beta21S-0.1B look similar except for the tests carried out
at high temperatures (825oC and 900oC) and low strain rates (0.001s−1 and 0.01s−1).
For these test conditions, Beta21S alloys exhibited strain hardening following yield
at lower strains (upto 0.1 plastic strain) and a steady flow behavior at high strains
(true strain: 0.2 to 0.6). In the case of Beta21S-0.1B, the material tested at the
same conditions showed gradual flow softening after yield point. This phenomenon is
typical of dynamic recrystallization observed in the grain interiors. To examine this
effect closely, a flow softening parameter (Equation: 7.2)
γ ≡ 1
σo
dσ
dε
(7.2)
where σo is the yield strength and σ is the flow stress, is plotted against the strain for
the same test condition in both alloys with and without boron. Since the yield stress
for the alloys is different, normalized flow softening parameter is used for comparison.
The flow softening rate against strain for strain rates of 0.001s−1 and 0.01s−1 are
shown in Figure 7.13. An increase in rate indicates flow softening with strain while
a decrease in the rate indicates strain hardening. In Beta21S-0.1B, flow softening
gradually increases up to strains of 0.3 and reaches a steady rate at high strain rates.
For the non-boron containing alloy, gradual strain hardening indicated by decrease in
flow softening rate is observed at 900oC and steady strain hardening at strains larger
than 0.2 is observed at 825oC.
The true stress - true strain plots for Ti5553 and Ti5553-0.1B alloys without and
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with correction for deformation heating (Equation-7.1) are shown in Figure 7.11 and
Figure 7.12 respectively. The flow curves looks similar except for the the tests done at
lower temperatures (775oC and 825oC) and high strain rate (1s−1). For samples tested
in the α +β phase region (775oCand 825oC) at strain rates: 0.001s−1 to 0.1s−1, both
the alloys (Ti5553 with and without boron) exhibited flow softening after yielding.
On the other hand the samples tested in the β phase region (900oC and 950oC) and
at strain rates: 0.001s−1 to 0.1s−1, the non-boron containing alloys showed initial
strain hardening followed by a steady strain hardening. The boron containing alloys
tested in the same conditions showed a rapid drop in stress after yield point, followed
by a steady state. The difference in the true stress for both the alloys was observed
to be very significant for tests carried out at high temperatures (900oC and 950oC)
and low strain rates (0.001s−1 and 0.01s−1). The flow softening rate for these flow
curves was evaluated using Equation: 7.2 and is plotted against strain in Figure 7.16.
The differences in the flow softening rate is significant at lower strains in which the
boron containing alloys exhibits flow softening where as the non-boron containing
alloys exhibited strain hardening. At high strains a steady rate is observed.
Overall significant differences in flow softening was observed between boron and
non-boron containing alloys tested above the beta transus and at nominal strain
rates of 0.001s−1to 0.1s−1. Boron containing samples exhibited flow softening where
as the non-boron containing alloys showed strain hardening. These observations are
explained with the help of microstructural observations in next section.
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Figure 7.11: True stress - true strain plots for Beta21S and Beta21S-0.1B at different
temperatures and strain rates (not corrected for deformation heating).
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Figure 7.12: True stress - true strain plots for Beta21S and Beta21S-0.1B at different
temperatures and strain rates corrected for deformation heating
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Figure 7.13: Flow softening rate in Beta21S and Beta21S-0.1B at different tempera-
tures and strain rates
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Figure 7.14: True stress - true strain plots for Ti5553 and Ti5553-0.1B at different
temperatures and strain rates (not corrected for deformation heating).
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Figure 7.15: True stress - true strain plots for Ti5553 and Ti5553-0.1B at different
temperatures and strain rates corrected for deformation heating
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Figure 7.16: Flow softening rate in Ti5553 and Ti5553-0.1B at different temperatures
and strain rates
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7.3 Microstructural characterization
7.3.1 Beta21S and Beta21S-0.1B
Micrographs obtained from compression tested samples are used for comparison be-
tween boron containing and non-boron containing alloys to examine the effect of boron
on thermomechanical processing. Typical microstructures of Beta21S compressed at
700oC, 775oC, 825oC and 900oC at different strain rates are shown in Figures: 7.18-
7.21. At 700oC, non-uniform alpha distribution in the grain interiors is observed and
is independent of strain rates. Adiabatic shear bands are observed along the diag-
onal of the compressed sample indicating unstable deformation (Figure: 7.17). For
samples tested at 775oC, no significant effect of strain rate on microstructures was
observed. Figure 7.20 shows micrographs for samples tested at 825oC. Though these
samples are tested above the beta transus, small amounts of alpha phase is present.
It is to be noted that the same alloy (Beta21S) solution treated at 810oC showed
the slowest grain growth rate (Grain stability chapter). The sample tested at 1s−1
showed lower alpha phase volume fraction . This could be due to the deformation
temperature raise that is expected during the deformation process.
Optical micrographs of samples tested at 900oC are shown in Figure: 7.21. Sam-
ples tested at 0.001s−1 exhibited serrated grain boundaries along with partial re-
crystallization at the grain boundaries (shown by arrows in Figure: 7.21). Similar
observations were reported by Weiss et.al [17], Ponge et. al [125] and Joyce [16]. It is
believed that these kind of elongated substructure at the grain boundary are formed
by dynamic recovery mechanism. Formation of substructure resulting in a mixed
grain structure could result in reducing the driving force for grain growth because of
simultaneous recovery [17]. However it is not desirable to have a mixed grain struc-
ture since this could cause unstable deformation during processing. Serrated grain
boundaries were also observed for sample tested at 0.01s−1. With increasing strain
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rate, serrated grain boundaries disappeared. Fine recrystallized sub grains were ob-
served at the grain boundaries. Alpha phase at high magnification in Beta21S tested
at various conditions (0.001s−1 and 1s−1 at 700oC, 775oC and 825oC ) are shown in
Figure: 7.22. The effect of strain rate at each temperature can be seen in the micro-
graphs. The aspect ratio of the alpha platelets appear to be higher at 1s−1 compared
to 0.001s−1.
Back scattered electron images of Beta21S-0.1B tested at 700oC, 775oC, 825oC at
different strain rates are shown in Figures: 7.23-7.25. Very fine alpha platelets are seen
for samples tested at 700oC at all strain rates. These fine alpha particles appear to be
aligned across the grain. Figure: 7.27 shows alpha phase along a shear band across a
grain for sample tested at 700oC at 1s−1. Such bands were not observed in boron free
Beta21S tested under the same conditions. Recrystallization at shear bands has been
previously reported in titanium alloys [126]. It has been reported that the formation
of shear bands and the time needed for recrystallization is grain size dependent. The
presence of alpha at shear bands observed in boron containing alloys could be due to
the finer grain size compared to boron free Beta21S. Fine recrystallized grains were
observed for samples tested at 775oC as shown in Figure: 7.24. Recrystallized grains
were observed in samples tested at 825oC along with alpha phase. As expected, the
size of recrystallized grains decreases with increasing strain rate. For samples tested
at 900oC, recrystallized beta grains are observed (arrows in Figure: 7.26) and the size
of recrystallized grains were observed to decrease with increasing strain rate.
Beta21S exhibits dynamic recrystallization at grain boundaries whereas the boron
containing Beta21S exhibits uniform dynamic recrystallization. This phenomenon
is due to various starting grain sizes before deformation. Humphrey’s et.al [127]
explained this phenomenon with respect to recrystallization time and initial grain
size. Figure: 7.39 shows a schematic of microstructural development during dynamic
recrystallization.
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.18: Back scattered electron images of Beta21S compressed to 50% reduction
in height at 700oC (compression axis is vertical)
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.19: Back scattered electron images of Beta21S compressed to 50% reduction
in height at 775oC (compression axis is vertical)
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.20: Back scattered electron images of Beta21S compressed to 50% reduction
in height at 825oC (compression axis is vertical)
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.21: Optical micrographs of Beta21S compressed to 50% reduction in height
at 900oC (compression axis is vertical)
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(a) 700 C at 0.001/s (b) 700 C at 1/s
(c) 775 C at 0.001/s (d) 775 C at 1/s
(e) 825 C at 0.001/s (f) 825 C at 1/s
Figure 7.22: Back scattered electron images of Beta21S compressed to 50% reduc-
tion in height at (a,b) 700oC, (c,d) 775oC, (e,f) 825oC, (a,c,e) 0.001s−1, (b,d,f) 1s−1
(compression axis is vertical)
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.23: Back scattered electron images of Beta21S-0.1B compressed to 50%
reduction in height at 700oC (compression axis is vertical)
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.24: Back scattered electron images of Beta21S-0.1B compressed to 50%
reduction in height at 775oC (compression axis is vertical)
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.25: Back scattered electron images of Beta21S-0.1B compressed to 50%
reduction in height at 825oC (compression axis is vertical)
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.26: Back scattered electron images of Beta21S-0.1B compressed to 50%
reduction in height at 900oC (compression axis is vertical)
Figure 7.27: Alpha precipitates along shear bands in Beta21S-0.1B compressed to
50% reduction in height at 700oC at 1s−1 (compression axis is vertical)
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7.3.2 Ti5553 and Ti5553-0.1B
Back scattered electron images of Ti5553 compressed to 50% in height at 775oC are
shown in Figure: 7.29. Adiabatic shear bands were observed for samples tested at
1s−1 (Figure: 7.28). Micrographs at high magnification for samples tested at 0.001s−1
and 1s−1 are shown in Figure: 7.33. The alpha phase in the sample tested at 1s−1 is
oriented at 45oindicating shear bands. Also fine alpha precipitates are observed which
could be formed during cooling to room temperature. Micrographs for samples tested
at 825oC are shown in Figure: 7.30. The alpha volume fraction in these samples
is lower than the samples tested at 775oC as the temperature is approaching to the
beta transus (860oC). Alpha at this temperature is observed to be equiaxed. Optical
micrographs of samples tested at 900oC and 950oC are shown in Figures: 7.31 and 7.32
respectively. Serrated grain boundaries were observed for both the test temperatures
at 0.001 and 0.01s−1 which is similar to the observations in Beta21S tested at 900oC.
Fine recrystallized beta sub grains with a necklace structure are observed for samples
tested at 0.1 and 1s−1 at 900oC and 950oC. These recrystallized grains are pointed
out using arrows in the micrographs.
Micrographs of Ti5553-0.1B compressed at 775oC and 825oC at different strain
rates is shown in Figures:7.34 and 7.35 respectively. Recrystallized beta grains within
the grain interiors along with alpha phase was observed for all the test conditions.
As expected, the recrystallized beta grains get refined with increasing strain rate at
both the test temperatures. Samples tested at 775oC showed elongated and deformed
alpha platelets (Figure: 7.38). This sample did exhibit adiabatic shear bands. The
alpha volume fraction in samples tested at 825oC showed more uniform deformation
as compared to tests carried out at 825oC. For the same test conditions, the boron
free alloy did not exhibit any recrystallization. It is also observed that the alpha
phase distribution is more uniform in boron containing alloys as compared to those
of non-boron containing alloys.
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Micrographs for samples tested at 900oC and 950oC are shown in Figures: 7.36
and 7.37 respectively. Recrystallized beta grains were observed in samples tested
at all test conditions. The size of recrystallized grains gets refined with increasing
strain rate. For the same test conditions, the boron free alloys showed grain boundary
recrystallization. These observations are similar to those of Beta21S alloys (schematic
as shown in Figure: 7.39). The differences in the recrystallization between the boron
and non-boron containing alloys is believed to be by grain refinement obtained by
boron additions.
7.4 Kinetic analysis
Kinetic rate equations were previously used to explain different mechanisms during
hot working. Jonas et. al [128] related the temperature and strain rate dependence
on the flow stress by the equation:
ε̇ = Aσn exp(
−Q
RT
) (7.3)
where ε̇ is the strain rate, σ is the flow stress, A is the frequency factor, Q is the
activation energy, R is the gas constant, n is the stress exponent and T is the tem-
perature in Kelvin. Evaluating n and Q from the experimental data can provide
insight on microstructural mechanisms during hot working. The variation of the flow
stress with temperature and strain rate for the alloys tested are plotted on log-log
scale as shown in Figures: 7.40, 7.41, 7.42 and 7.43. Unlike α + β alloys, there is
no significant variation in the slopes in α + β region and the beta phase region for
these metastable β alloys. This is due to very low volume fractions of the α phase
present at the α + β test temperatures. The stress exponent n for each temperature
can be calculated from the inverse of the slope (using equation 7.3) and the corre-
sponding exponents are listed in Table 7.2. The stress exponent for Beta21S and
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.29: Back scattered electron images of Ti5553 compressed to 50% reduction
in height at 775oC (compression axis is vertical)
Beta21S-0.1B is estimated to be in the range of 7.7 to 4. The stress exponent has a
slight dependence on the test temperature and is observed to decrease with increasing
temperature. The stress exponent for Ti5553 and Ti5553-0.1B is estimated to be ˜
4.75 and is independent of test temperature.
The activation energy for hot deformation of the alloys tested is calculated from
equation 7.3. Arrhenius plot showing the variation of the flow stress with inverse
of the temperature for Beta21S and Ti5553 alloys is shown in Figure 7.44 and 7.45
respectively. Since no significant changes in the slopes were observed below and above
beta transus, the whole temperature range was used to calculate the activation ener-
gies. This could be due to low alpha volume fractions in the subtransus temperatures
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.30: Back scattered electron images of Ti5553 compressed to 50% reduction
in height at 825oC (compression axis is vertical)
in these alloys. The apparent activation energies for Beta21S and Beta21S-0.1B were
estimated as 296KJ/mol and 286KJ/mol respectively. For Ti5553 and Ti5553-0.1B,
the apparent activation energies were estimated to be 137KJ/mol and 182KJ/mol
respectively. The activation energy of beta titanium alloys as reported in literature
falls in the range of 130−185KJ/mol. Weiss et al [43] reported activation energies in
the range of 180− 220KJ/mol for alpha titanium alloys in the beta phase. Robert-
son et. al [129] reported an activation energy of 185KJ/mol for Ti-10V-2Fe-3Al. An
activation energy of 183KJ/mol was reported for the beta alloy: Ti-10V-4.5Fe-1.5Al
by Balasubramanyam et. al [130]. All these activation energies fall close to the acti-
vation energy of 153KJ/mol for self diffusion in beta titanium [107]. The activation
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.31: Optical micrographs of Ti5553 compressed to 50% reduction in height
at 900oC (compression axis is vertical)
energies for both the Ti5553 alloys fall with in this range indicating self diffusion
and thus the restoration mechanism in these alloys is by dynamic recovery. Jones et.
al [131,132] studied hot deformation behavior of Ti-5553 and Ti-10V-2Fe-3Al and the
reported activation energies of 183KJ/mol and 187KJ/mol are close to the apparent
activation energies estimated in this study. The activation energies for Beta21S al-
loys (296KJ/mol and 286KJ/mol) was found to be higher than the above mentioned
beta alloys. Philippart et. al [133] reported an activation energy of 220KJ/mol in
Ti-6.8Mo-4.5Fe-1.5Al. Beta21S contains ˜15 wt% of molybdenum and previous lit-
erature related the high activation energy to slow diffusion of molybdenum in these
alloys.
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.32: Optical micrographs of Ti5553 compressed to 50% reduction in height
at 950oC (compression axis is vertical)
Beta21S Beta21S-0.1B
700oC 7.7 7.1
775oC 6.2 6.7
825oC 5.3 6.6
900oC 4 4.5
Ti5553 Ti5553-0.1B
775oC 4.3 4.7
825oC 4.7 4.5
900oC 4.8 4.7
950oC 4.6 4.9
Table 7.2: Stress exponents for Beta21S and Ti5553 alloys at different test tempera-
tures
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(a) 775 C at 0.001/s (b) 775 C at 1/s
(c) 825 C at 0.001/s (d) 825 at 1/s
Figure 7.33: Back scattered electron images of Ti5553 compressed to 50% reduction
in height at (a,b) 775oC, (c,d) 825oC, (a,c) 0.001s−1, (b,d) 1s−1 (compression axis is
vertical)
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.34: Back scattered electron images of Ti5553-0.1B compressed to 50% re-
duction in height at 775oC (compression axis is vertical)
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.35: Back scattered electron images of Ti5553-0.1B compressed to 50% re-
duction in height at 825oC (compression axis is vertical)
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.36: Back scattered electron images of Ti5553-0.1B compressed to 50% re-
duction in height at 900oC (compression axis is vertical)
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(a) 0.001/s (b) 0.01/s
(c) 0.1/s (d) 1/s
Figure 7.37: Back scattered electron images of Ti5553-0.1B compressed to 50% re-
duction in height at 950oC (compression axis is vertical)
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(a) 775 C at 0.001/s (b) 775 C at 1/s
(c) 825 C at 0.001/s (d) 825 at 1/s
Figure 7.38: Back scattered electron images of Ti5553 compressed to 50% reduction
in height at (a,b) 775oC, (c,d) 825oC, (a,c) 0.001s−1, (b,d) 1s−1 (compression axis is
vertical)
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(a) Large initial grain size
(b) small initial grain size
Figure 7.39: Schematic of dynamic recrystallization in (a) large grain size and (b) fine
grain size. Dotted lines indicate grain boundaries prior to dynamic recrystallization
[127].
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Figure 7.40: Variation of flow stress at different test temperatures for Beta21S
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Figure 7.41: Variation of flow stress at different test temperatures for Beta21S-0.1B
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y = 0.2171x + 2.1959
y = 0.2083x + 2.2909
y = 0.213x + 2.4537
y = 0.23x + 2.6709
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Figure 7.42: Variation of flow stress at different test temperatures for Ti-5553
y = 0.2171x + 2.1959
y = 0.2083x + 2.2909
y = 0.213x + 2.4537
y = 0.23x + 2.6709
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Figure 7.43: Variation of flow stress at different test temperatures for Ti-5553-0.1B
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Figure 7.44: Arrhenius plot showing the variation of flow stress with inverse of tem-
perature for Beta21S and Beta21S-0.1B at different strain rates
7.5 Processing maps
Processing maps are developed on the basis Dynamic Material Models [2] that rep-
resents the response of the material to different processing conditions in terms of
microstructural mechanisms. Flow behavior of materials can be represented by a
dynamic constitutive equation:
σ = Kε̇m (7.4)
where σ is the effective stress, ε̇ is the effective strain rate and K and m are constants.
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Figure 7.45: Arrhenius plot showing the variation of flow stress with inverse of tem-
perature for Ti5553 and Ti5553-0.1B at different strain rates
In a processing map, the power efficiency map is superimposed on to an insta-
bility map. The efficiency parameter is the ratio of the power dissipated during hot
compression to the maximum possible energy dissipated in an ideal situation. The
efficiency of power dissipation is given by :
η =
2m
m + 1
(7.5)
where m is the strain rate sensitivity of the flow stress [122]. More explanation
on constructing processing maps can be found elsewhere [122]. The instability map
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represents the regions of flow instability and was developed on the basis of irreversible
thermodynamics as applied to large plastic strain flow and is gives as:
ξ (ε̇) =
∂ ln(m/m + 1)
∂ lnε̇
+ m < 0 (7.6)
Where ξ (ε̇) is the instability parameter. Instabilities are predicted to occur when the
instability parameter is negative ( ξ (ε̇) < 0).
The power dissipation maps for Beta21S and Beta21S-0.1B alloys at a true strain
of 0.5 are shown in Figure 7.46 and Figure 7.47, respectively. The instability contour is
superimposed on to the same map. The beta transus 807oC is represented by a dotted
line. No significant difference in the efficiency contours was observed. The instability
map co-relates with the adiabatic shear bands that were observed for samples (both
Beta21S and Beta21S-0.1B) tested at 700oC at 0.01, 0.1 and 1s−1. Instability map
for boron containing alloy shows instability even above the beta transus for high
strain rates (1s−1). The regions of high efficiency in Beta21S and Beta21S-0.1B were
identified at lower temperatures (700oC and 775oC) and lower strain rates (0.001s−1).
The power dissipation maps for Ti5553 and Ti5553-0.1B alloys at 0.5 strain are
shown in Figure 7.48 and Figure 7.49 respectively. The beta transus, 860oC is rep-
resented by a dotted line. No significant difference in the efficiency contours was
observed. The instability map co-relates with the adiabatic shear bands that were
observed for samples tested at 775oC at 1s−1. Ti5553 without boron additions showed
high efficiency just below the beta transus and at lower strain rates (0.01 and 01s−1).
The regions of high efficiency in Ti5553-0.1B were identified at higher temperatures
(900oC and 950oC) and higher strain rates (0.1 s−1).
Processing maps for Beta21S and Ti5553 alloys with and without boron are shown
in Figure: 7.50. The microstructural observations were superimposed over the effi-
ciency and instability contour plots. The instability regime calculated from the flow
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Figure 7.46: Power dissipation efficiency map obtained on Beta21S at a strain of 0.5.
Contour numbers represent per cent efficiency of power dissipation. The beta transus
line (807oC) is shown on the map. The shaded region corresponds to instability.
stress values matches well with the adiabatic shear bands observed across the sample
cross sections. Though no considerable differences were observed in the efficiency
contours, microstructural mechanisms were found to be different between boron and
boron free alloys.
7.6 TiB - damage evaluation
Voids at the TiB / Matrix interface and fracture of TiB particles were observed in
Beta21S-0.1B and Ti5553-0.1B alloys. The types of fractures / voids were observed
to vary as a function of temperature and strain rate. Two main fracture types were
observed: (a) decohesion of the TiB / Matrix interfaces and (b) fracture with in the
TiB particles. The decohesion of the TiB / matrix can be either along the TiB/matrix
interface at the tip of TiB particles. Fracture of the TiB particles was observed to
be of brittle nature and all the fractures are across the cross section of the particle.
These fractures are shown in Figure: 7.51. Secondary electron images over an area
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Figure 7.47: Power dissipation efficiency map obtained on Beta21S-0.1B at a strain
of 0.5. Contour numbers represent per cent efficiency of power dissipation. The
beta transus line (807oC) is shown on the map. The shaded region corresponds to
instability.
of 1mm× 1mm were captured at the center of the compressed sample for each test
condition. Image analysis is used to count the number of voids over the entire area.
The number of the voids for each of the test condition is quantified and are pre-
sented as contour plots in the temperature vs. strain rate domain as shown in Fig-
ure:7.52 and Figure: 7.53. As observed in the plots, the number of voids are fewer at
high temperatures and lower strain rates (bottom right in the map) as compared to
lower temperatures and high strain rates (top left in the map). Decohesion of the TiB
particles from the matrix was observed to be the main void formation mechanism at
high temperatures and lower strain rates. At low temperatures and high strain rates,
voids primarily across the TiB particles and by decohesion were observed. Though
this trend is the same in Beta21S-0.1B and Ti5553-0.1B, boron containing Ti5553
showed fewer voids compared to boron containing Beta21S. This is due to high shear
modulus of Ti5553 compared to that of Beta21S. Koeller and Raj [134] developed
an expression to determine critical strain rate required for ductile fracture at a hard
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Figure 7.48: Power dissipation efficiency map obtained on Ti5553 at a strain of 0.5.
Contour numbers represent per cent efficiency of power dissipation. The beta transus
line (860oC) is shown on the map. The shaded region corresponds to instability.
particle as:
ε̇c = 118
(1−ν)(1−2ν + 2/π)
(5/6−ν)2
GΩ
kT
fvδDb
p3
(7.7)
where ε̇c is the critical strain rate, ν is the Poisson’s ratio, G is the shear modulus,
Ωis the atomic volume, δDb is the interface width times the self diffusivity at the par-
ticle/matrix interface, fv is the volume fraction, p is the size of particle and k is the
Boltzmann constant. For a given composite or hard particle / matrix system, the crit-
ical strain rate to initiate ductile fracture is dependent on G the shear modulus, atomic
volume and self diffusivity. Assuming atomic volume and self diffusivity of Beta21S
and Ti5553 are the same, the critical strain is directly proportional to the shear mod-
ulus. Since Ti5553 have a higher shear modulus than Beta21S (GBeta21S = 33.375GPA
and GTi5553 = 39.375GPa [19]), the critical strain required to initiate cavitation / frac-
ture in Ti5553 is larger. Though the difference between the shear modulus is not very
significant, the number of voids at any given processing conditions is significantly
different between Beta21S and Ti5553. As observed in the Equation: 7.7, the self
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Figure 7.49: Power dissipation efficiency map obtained on Ti5553-0.1B at a strain
of 0.5. Contour numbers represent per cent efficiency of power dissipation. The
beta transus line (860oC) is shown on the map. The shaded region corresponds to
instability.
diffusivity Db term plays an important role. The chemical composition of the two
alloys is different with Beta21S having heavy alloying elements (15 wt% Mo). This
could effect the critical strain rate required to initiate voids.
For a cylindrical fiber with diameter d, and length l, in a matrix with yield
strength, σm, the critical length of the fiber at which fracture occurs can be obtained
by equating the shear stress (τo) at the fiber/matrix interface to the fiber strength.
σ f iber ∗
πd2
4
= τoπd
l
2
(7.8)
assuming τo = σmatrix/2;
σ f iber ∗d = σmatrix ∗ l (7.9)
l
d
≷
σ f iber
σmatrix
(7.10)
for a given aspect ratio of the particle, the fiber would undergo transverse fracture
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if ld >
σ f iber
σmatrix
and interfacial de-cohesion / shear would occur if ld <
σ f iber
σmatrix
. For the
materials (Beta21S-0.1B and Ti5553-0.1B) used, the strength of matrix changes as
a function of temperature and strain rate. Assuming the strength of TiB does not
change significantly within the testing temperatures, the observed fracture behavior
of TiB particles at various test conditions agree with the above mentioned criteria
(Equation:7.10).
7.6.1 Finite element analysis of void formation in boron con-
taining alloys
A two dimensional plane strain finite element model was used to study the mechanism
of void formation in TiB containing alloys. A schematic of the model setup is shown in
Figure.7.54. The finite element analysis was carried out in DEFORM-2DT M. Though
the TiB particles were observed to be aligned randomly at the grain boundaries, only
one condition (aligned at 45o to the load axis) was modeled in this study. The area
fraction of TiB was chosen to be approximately 1% of the matrix. The matrix is
modeled as perfectly plastic material and is a function of temperature and strain
rate. The yield stress values obtained from compression testing of boron free Beta21S
at different temperatures and strain rates were used in this simulation. The TiB
particle is modeled as perfectly elastic material. The elastic modulus of TiB particle
was assumed to be constant over the temperature range (700oC to 870oC) considered
for the analysis and is considered to be: 300GPa (roughly estimated from literature
[135]). The Poisson’s ratio of 0.16 was considered for the TiB particle. Compressive
load is applied to the matrix under isothermal conditions as shown in the schematic.
Compression to 50% reduction in height was modeled for 16 different conditions (4
temperatures and 4 initial strain rates). The temperatures and strain rates chosen for
the simulations are listed in Table.7.3. As the interfacial bond strength at the TiB /
matrix interface was unknown, perfect bonding (sticking condition) at the interface
155
is assumed.
The maximum principle stresses in TiB particle at various testing conditions after
50% reduction in height is shown in Figure.7.55. As seen in the figure, the stresses in
the particle compressed at lower temperatures and high strain rate (700oC and 1/s)
are higher as compared with the TiB particle compressed at high temperatures and
lower strain rates (870oC and 0.001/s). This indicates that the TiB particle under
high strain rate and at lower temperatures is more likely to fracture than the particle
under low strain rate and high temperature. Since the yield stress was modeled as a
function of temperature and strain rate, the ratio of shear stress to the maximum shear
stress (one-half of yield stress) of the matrix at different conditions is considered for
comparison. These ratios in the vicinity of the TiB particle are shown in Figure.7.56.
Negative ratios were observed at the end of TiB particles in all the cases indicating
matrix shear. As seen in the contour plots, no significant difference in the shear
stress / maximum shear stress ratios was observed at different test conditions. This
indicates void formation at the TiB ends at all test conditions. These observations
from finite element analysis (interfacial shear at all test conditions and TiB fracture
at high strain rates and low temperatures) were consistent with the experimental
observations.
Temperature Initial strain rate
700oC 0.001/s
760oC 0.01/s
815oC 0.1/s
870oC 1/s
Table 7.3: Test temperatures and initial strain rates chosen for finite element analysis
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Matrix
TiB
load
Figure 7.54: Schematic of the FEA model setup (relative dimensions not to scale)
157
(a) Beta21S (b) Beta21S-0.1B
(c) Ti5553 (d) Ti5553S-0.1B
Instability / adiabatic shear bands
α- precipitation
Grain boundary recrystallization
Intra granular recrystallization + α - precipitation
Intra granular recrystallization
Figure 7.50: Microstructural observations super imposed on to efficiency maps (a)
Beta21S, (b) Beta21S-0.1B, (C) Ti5553 and (D) Ti5553-0.1B.
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(a) 700 C at 0.1/s
(b) 900 C at 0.01/s
Figure 7.51: Void formation in Beta21S-0.1B compressed to 50% (a) 700oC at 0.1s−1
and (b) 900oC at 0.01s−1
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Figure 7.52: Fracture map for Beta21S-0.1B. Contour numbers represent voids/mm2
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Figure 7.53: Fracture map for Ti-5553-0.1B. Contour numbers represent voids/mm2
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Chapter 8
Microhardness and tensile
properties of forged Beta21S and
Ti5553
8.1 Micro-Hardness
Aged samples of Beta21S, Beta21S-0.1B, Ti5553 and Ti5553-0.1B are tested for micro-
hardness evaluation. Mounted samples are polished to get a clean and flat surface.
Final polishing is carried out using 6µm diamond paste. A Vickers diamond indentor
is used to apply a load of 1 Kg onto the specimen. A grid of 4 x 4 was laid out on each
of the samples to give a total of 16 indentations. The load was applied for 13 seconds
for each of the indents. Average of these 16 measurements was used for comparison
between different heat treatments. Micro-hardness for Beta21S and Beta21S-0.1B
at different temperatures is plotted against aging time in Figure.8.1. The micro-
hardness of solution treated / starting material is also plotted on the same graph
for comparison. No significant difference in micro-hardness was observed between
Beta21S and Beta21S-0.1B alloys. Aging at 480oC showed highest micro-hardness
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values compared to other temperatures. This is typical of metastable beta alloys due
to precipitation of fine accicular alpha platelets assisted by the omega phase [92]. The
fine scale of alpha precipitates at 480oC as compared to aging at other temperatures
can be clearly seen in Figure.6.2. Micro-hardness at other temperatures (540oC, 600oC
and 660oC) showed lower hardness compared to aging 480oC as the alpha precipitates
have coarse alpha particles with lower aspect ratio as seen in Figures.6.4,6.8 and 6.12.
No significant difference was found between boron and non-boron containing alloys.
Figure.8.2 shows micro-hardness values for Ti5553 and Ti5553-0.1B aged at different
temperatures. The micro-hardness observations are similar to Beta21S alloys. As seen
in the previous chapter, no significant differences in intragranular alpha precipitation
was seen at aging times longer than 2 hours. Aging for short periods (12 hour to 2
hour) did show variations between the boron free and boron contining alloy. This
not reflected in the microhardness as the hardness values reported are averaged for
16 different indents. Variability in hardness of the non-boron containig alloy was
observed to be higher than the boron containing alloy. This is in agreement with the
observed inhomogeneous alpha precipitation in boron free alloys.
8.2 Tensile Testing
Tensile testing was carried out on selected samples to evaluate the effect of aging on
mechanical properties. The forged pancakes were sliced in to 5 different blocks as
shown in Figure.8.3a and the test slice adjacent to the center block is selected for
tensile testing. Tensile samples with dimensions as shown in Figure.8.3b are obtained
via electric discharge machining (EDM). The tensile axis for the test specimen is
perpendicular to the forging axis. Sliced tensile samples were subjected to aging
treatments at 480oC and 540oC for 5 hours. Low stress grinding was carried out prior
to tensile testing to remove recast layer from EDM. Initial testing was carried out on
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as-forged samples. All the tensile tests were carried out on a screw driven INSTRON-
5800 testing machine. A 11.78 mm extensometer was used in the gage section to
record strain during the test. The test samples were pulled at a constant cross head
speed of 0.01mm/s. All the tests were performed at room temperature. Instantaneous
loads and elongations are recorded during the test and are used to generate true stress-
strain plots. The average values from two tests carried out under same conditions are
used for comparison between aging conditions.
True stress vs. elongation plots for Beta21S and Beta21S-0.1B are shown in Fig-
ure.8.4 and Figure.8.5 respectively. True stress vs. elongation plots for Ti5553 and
Ti5553-0.1%B are shown in Figure.8.6 and Figure.8.7 respectively. The tensile prop-
erties of the alloys in as-cast condition as provided by Tamarisakandala et. al [19,81]
is summarized in Figure.8.9. The yield strength, ultimate tensile strength and elonga-
tion to failure for each of the alloys tested are summarized in Figure.8.10. The error
bars shown in the plots are from the two tests carried out at the same condition. The
values listed are the average of the two tests.
The yield strength and ultimate tensile strength of forged Beta21S and Beta21S-
0.1%B as seen in Figure.8.8 and do not vary significantly. Boron additions showed
a reduced ductility in as-forged Beta21S alloys. This indicates no improvement in
mechanical performance by boron additions in as-forged condition. Similar results
were observed for Ti5553 and Ti5553-0.1B except for a slight improvement in the
ductility (Figure.8.9). This improvement was not significant enough as compared
with the extent of grain refinement obtained by boron additions.
Aging at a lower temperature (480oC), showed notable increase in strength levels
(yield strength and ultimate tensile strength) compared to as-forged or as-cast con-
dition for all the alloys tested. However, the samples fractured before the yield point
indicating brittle failure. Alloys with and without boron showed similar strength lev-
els. This indicates that the boron additions did not show any improvement over the
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non-boron containing alloys.
Aging at relatively higher temperatures (660oC), showed slight improvement in
strength levels of Beta21S and Beta21S-0.1B compared to the same alloys in as-
forged condition. No significant improvement was observed by boron additions. The
ductility in these alloys was lower than the as-forged condition. Reduced ductility
was observed in boron containing Beta21S as compared with the non-boron contain-
ing alloy (Figure.8.10). In the case of Ti5553 and Ti5553-0.1B, the strength levels
were lower than the as-forged condition, while a significant increase in ductility was
observed (Figure.8.11). A slight improvement is observed in boron containing Ti5553
alloy over the non-boron containing alloy at the same aged condition.
Fracture surfaces from the tensile samples aged at different temperatures are shown
in Figures:8.12,8.13. Fracture surfaces at low magnification shows the difference in
grain size facets between the boron containing and non-boron containing alloys. High
magnification pictures shows more details of the fracture surfaces. The tensile fracture
at all conditions seems to be by intergranular fracture. For non-boron containing
alloys, flat grain boundaries are visible where as the TiB surface facets are visible
in the boron containing alloys. These regions are shown in boron containing alloys
using arrows. For samples tested in as forged condition, Beta21S alloys showed partial
ductile failure indicated by isolated regions of facetes. Though the samples are forged
above the beta transus, primary alpha is observed which could have formed during
air cooling. Similar alpha precipitation was observed in Beta21S and Beta21S-0.1B
samples compressed at 825oC (Chapter: Thermomechanical processing). Sharp grain
boundary facetes are observed for samples aged at 480oC for 5 hours indicating brittle
fracture. The samples aged at this condition exhibited highest strength levels than
other aging treatments but lowest ductility. Aging at 660oC showed higher ductility
which is reflected as dimple fracture surface (Figure.8.12j,l). These observations are
similar to those noticed for Ti5553 alloys.
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(a) Forged section used for tensile testing
(b) Tensiel sample dimensions (all units in inches)
Figure 8.3: Tensile samples sectioned from the forged pancakes (dimensions in inches)
Figure 8.4: True stress - Elongation plots for as-forged and aged Beta21S
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Figure 8.5: True stress - Elongation plots for as-forged and aged Beta21S-0.1%B
Figure 8.6: True stress - Elongation plots for as-forged and aged Ti5553
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Figure 8.7: True stress - Elongation plots for as-forged and aged Ti5553 +0.1%B
Figure 8.8: Tensile properties (YS: Yield strength, UTS: Ultimate Tensile Strength)
of as-cast Beta21S and Beta21S-0.1B [19,81]
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Figure 8.9: Tensile properties of as-cast Ti5553 and Ti5553-0.1B [19,81]
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The variations in the strength levels as observed during the tensile testing were
similar to the trends observed during micro hardness testing. The variation in the ten-
sile properties for different test conditions can be related to the micro-structural fea-
tures observed in section 6.2. Fine alpha precipitates obtained by aging at 480oC pro-
vided high strength levels but very poor ductility. Coarse alpha precipitates showed
reasonable ductility in samples aged at 660oC for 5 hours. No significant variation in
improvement of mechanical properties were obtained by boron additions. As observed
in the microstructures, no significant changes in microstructure (alpha precipitation)
is observed at 5 hours of aging at all the aging temperature. This indicates that
the alpha precipitates / platelets control the properties and the prior beta grain size
doesn’t have any effect on the mechanical properties. Hot working and/or alternate
heat treatments might be needed to enhance the mechanical properties.
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Chapter 9
Summary and Conclusions
Trace boron additions to two metastable beta titanium alloys: Beta21S and Ti5553
resulted in grain size reduction in as cast condition. The as-cast grain size in Beta21S
was reduced from 185µm to 85µm with 0.1wt% boron addition. In the case of Ti5553
alloys, the as-cast grain size was reduced from 300µm to 65µm. The microstructure
in the transverse and longitudinal sections was similar for both Beta21S and Ti5553
alloys. The non-boron containing alloys showed continuous grain boundary alpha
while the boron containing alloys showed discontinuous alpha phase with TiB particles
at the grain boundaries. The intra-granular alpha phase was similar and is acicular
in both the alloys.
Solution heat treatment of boron modified Beta21S above the beta transus showed
excellent grain size stability. The non-boron containing alloys exhibited rapid grain
growth up to 2 hours and a gradual growth between 2 and 10 hours of solution
treatment. Grain size of boron free alloys increased up to 500% after 10 hours of
solution treatment whereas the maximum grain size in boron containing alloys was
only about 50% greater than the starting grain size. Activation energy calculations
suggested that grain growth in the non-boron Beta21S is by the diffusion of titanium
atoms. The activation energy for boron containing alloy was much higher than that
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was observed for the non-boron containing alloy indicating different mechanism is in
operation.
A model for the effect of TiB particles on grain growth was developed as follows.
The TiB particles are assumed to be ellipsoids that lie along the grain boundaries
and restrict grain growth by Zener pinning. An analytical model to predict maximum
grain size after grain growth was developed. Two cases: (a) TiB particles parallel
to the grain boundary and (b) TiB particles perpendicular to the grain boundary
were considered. The model, which took into account the size, shape, orientation and
volume fraction of TiB predicted a maximum grain size which was in good agreement
with the experimentally measured value.
Aging Beta21S at different temperatures showed differences in alpha phase precip-
itation between the Beta21S and Beta21S-0.1B, both in grain interiors as well as at
grain boundaries. Accelerated alpha phase precipitation was observed for shorter ag-
ing times (up to 2 hours) in the boron containing alloy as compared to the non-boron
containing Beta21S. Aging of Beta21S-0.1B at 600oC and 660oC showed a thick alpha
phase that appears to be encasing the TiB particle at the grain boundary. The accel-
erated aging in the boron containing alloy was probably due to the reduced as-cast
grain size resulting from boron additions and not due to any additional nucleation
sites provided by TiB / matrix interface. An analysis of the precipitation using the
Johnson-Mehl-Avrami (JMA) approach indicated that the there are differences in
the Avrami exponents between the boron containing and non-boron containing alloy
aged at 600oC and 660oC. This is attributed to the diffusion of molybdenum at these
temperatures.
Thermomechanical testing of both boron and non-boron containing alloys under
the same conditions showed differences in the flow behavior. Flow softening was
observed in boron containing samples tested at temperatures above the beta tran-
sus and strain rates slower than 1s−1. On the contrary, non-boron containing al-
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loys tested under the same testing conditions exhibited strain hardening. Activation
energy calculations indicated that recovery is the main microstructural controlling
mechanism in both boron and non-boron containing alloys. Microstructural observa-
tions showed different deformation mechanisms between boron and non-boron alloys.
Intra-granular dynamic recrystallization was observed in the boron containing alloys.
On the other hand, fine recrystallized grains at grain boundaries were observed in
non-boron containing alloys.
Micro-voids were observed in the boron containing Beta21S and Ti5553 alloys
tested at various temperatures and strain rates. Quantitative analysis on number of
voids showed fewer voids at high temperature, slow strain rate testing and increase
in voids at low temperature faster strain rate testing. The voids were observed to
be of two types: (a) interfacial decohesion between the TiB / matrix interface and
(b) brittle fracture across TiB particle cross section. The voids in samples tested at
high temperature, slow strain rates were mostly by interfacial decohesion between the
TiB / matrix while TiB fractures across the cross section were also found in samples
tested at low temperatures, faster strain rates. Finite element analysis on the void
formation in TiB containing alloys is agreement with experimental observations.
Micro-hardness and tensile properties of boron free and boron containing al-
loys showed no significant differences. Samples aged at 480oC exhibited the highest
strength with poor ductility as compared to samples aged at 660oC. This is attributed
to the formation of very fine alpha platelets assisted by omega phase at low aging
temperatures. In spite of differences grain sizes between the boron containing and
non-boron containing alloys, observation of fracture surfaces indicated that the alpha
phase is the main microstructural feature that controls the strength and ductility at
room temperature.
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Chapter 10
Scope for future work
The experimental materials used in the present study are lab scale ingots (˜75 mm
diameter) and are studied in as-cast+HIP condition. The effect of scalling up is to be
investigated. Back scattered electron images showed slight contrast variations within
a single grain indicating compositional inhomogeneity. Beta alloys are known for
compositional segregation during solidification due to the presence of high and heavy
alloying elements. The effect of boron on these segregation’s is needed to understand
the solidification microstructure in large ingots.
Boron is insoluble in titanium at room temperature and thus assumed to not affect
the beta transus temperature (805oC). Solution treatment of Beta21S-0.1B at 810oC
and thermomechanical testing at 825oC showed signs of alpha phase. As Beta21S
alloys has ∼ 21wt% of alloys elements, interaction between alloy elements and boron
might effect the beta transus temperature and needs further investigation.
Though TiB did not appear to provide any nucleation sites for secondary alpha
precipitation, a change in Avrami exponents during JMA analysis was observed for
Beta21S samples aged at 600oC and 660oC. No change in exponents was observed
for boron containing Beta21S. Detailed analysis on diffusivity’s of different alloying
elements with and with out the presence of boron is needed to better understand the
181
mechanism.
Tensile testing of as-cast and aged samples showed poor ductility’s when tested
at room temperatures. If these alloys are to be used in as-cast condition, further
processing / alternate aging routes are to be investigated to improve the ductility of
these alloys at room temperature. Duplex aging is often carried out in beta titanium
alloys to obtain optimum strength and ductility’s. As boron modified alloys showed
accelerated aging at shorter aging times, short aging at low temperatures followed by
high temperature might provide optimum tensile properties.
Micro voids were observed during thermomechanical testing of the alloys. However
the effect of these voids on further processing or mechanical properties is unknown.
A critical void size may exist until which the voids don’t show any effect on mechan-
ical properties. Investigation of the TiB/matrix interfacial strength as a function of
temperature and strain rate would provide valuable information that can be used in
finite element packages that can be further used to design optimum processing routes.
Beta alloys are well known for cold formability and good corrosion resistance.
Investigations to study the effect of boron on these properties are need to further
widen the applications of boron modified beta titanium alloys.
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